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Zusammenfassung 
Sedimente können als Senke und Reservoir für in die Umwelt eingetragene oder dort ge-
bildete Verbindungen agieren. In Biotests erzeugen Extrakte von Sedimenten häufig uner-
wünschte Effekte, die nicht oder nur zu einem geringen Teil durch bekannte Verbindungen 
und prioritäre Stoffe erklärt werden können. Somit müssen unbekannte Verbindungen oder 
Stoffe mit unbekanntem toxikologischem Potential für die beobachteten Effekte verant-
wortlich sein. Um diese unbekannten Stoffe zu identifizieren, kombiniert die Effekt-
orientierte Analytik (EDA) biologische und chemische Analysemethoden mit Fraktionie-
rungsprozeduren, die zur Reduzierung der in den untersuchten Proben enthaltenen Verbin-
dungen eingesetzt werden. 
Im ersten Schritt der vorliegenden Arbeit wurde eine automatisierte Fraktionierungsme-
thode entwickelt. Mit Hilfe von drei gekoppelten und automatisch geschalteten Normal-
phasen (NP)-HPLC-Säulen wurde eine Klassentrennung von Probeninhaltstoffen auf der 
Basis von verschiedenen physiko-chemischen Eigenschaften erreicht, die eine erste Cha-
rakterisierung der enthaltenen Verbindungen ermöglicht. Die Methode gewährleistet die 
zuverlässige Trennung in (1) zwölf unpolare and (2) sechs polare Fraktionen, die folgende 
Verbindungsgruppen enthalten: (1) halogenierte aromatische Kohlenwasserstoffe wie po-
lychlorinierte Biphenyle (PCBs), Naphthaline (PCNs), Dibenzo-p-dioxine und –furane, 
getrennt vor allem nach ihrer Planarität und polyaromatische Kohlenwasserstoffe (PAKs), 
alkylierte PAKs und unpolare heterozyklische polyaromatische Verbindungen, getrennt 
vor allem nach der Größe des aromatischen Systems sowie (2) polyaromatische Verbin-
dungen mit mindestens einer polaren Gruppe, getrennt nach deren Polarität.  
Anschließend wurden sechs Sedimentproben von vier stark belasteten Standorten innerhalb 
der Elbe- und Donau-Flusseinzugsgebiete mit der entwickelten Methode fraktioniert. Die 
entstandenen Fraktionen wurden auf mutagene, Tumor promovierende (Induktion des Aryl 
Kohlenwasserstoff-Rezeptors (AhR), Störung der interzellulären Kommunikation über 
Zell-Zell Kanäle) und zytotoxische Effekte sowie endokrine Wirksamkeit (Induktion von 
Veränderungen des Schilddrüsenhormon-Metabolismus, Induktion des Estrogenrezeptors) 
untersucht. Mutagen wirksame Fraktionen wurden nochmals mit Hilfe von Umkehrphasen- 
und NP-HPLC fraktioniert, um die Anzahl der verdächtigen Verbindungen weiter zu redu-
zieren. Aktive Fraktionen wurden mittels GC-MS, LC-MS/MS und HPLC-UV DAD che-
misch analysiert. Die Methode wurde außerdem für die Fraktionierung von Extrakten aus 
Boden, Sediment und suspendiertem organischem Material in zehn anderen EDA-Studien 
verwendet, in denen Proben von Standorten mit unterschiedlichen Kontaminationsmustern 
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und –graden auf unterschiedliche biologische Endpunkte wie Mutagenität, Induktion des 
AhR, Teratogenität, endokrine Wirksamkeit und Algentoxizität untersucht wurden. 
Die Ergebnisse der verschiedenen Studien zeigten, dass sowohl unpolare Fraktionen, die 
PAKs und coeluierende Verbindungen enthielten, als auch polare Fraktionen zu den beo-
bachteten Effekten beitrugen. Fraktionen, die PCBs, PCNs and PCDD/Fs enthielten, zeig-
ten nur an Standorten mit bekannten Punktquellen deutliche Effekte. Obwohl sich die Kon-
taminationsmuster zwischen den Standorten stark unterschieden, wurden ähnliche Toxizi-
tätsmuster für jeden biologischen Endpunkt festgestellt. Einige Standorte zeigten zusätzlich 
einzelne Fraktionen mit auffälliger Aktivität. 
Verschiedene Verbindungen und Verbindungsgruppen wurden identifiziert, die uner-
wünschte Effekte in den verwendeten Biotests verursachten: Dinitropyrene, 3-
Nitrobenzanthron, PAKs sowie fünf-Ring PAKs trugen maßgeblich zur Mutagenität bei. 
Zu den identifizierten AhR-Antagonisten zählten PAKs, methylierte PAKs sowie 
Benzanthron. 17β-Estradiol, Estron, 17α-Ethinylestradiol, Nonylphenole, Bisphenol A und 
Benzanthron wurden als wichtige östrogen wirksame Substanzen identifiziert. Innerhalb 
der anderen zehn EDA-Studien trugen unter anderem Thiophene, Moschusverbindungen, 
Furane, N-Phenyl-2-naphthylamin und Triclosan maßgeblich zu den festgestellten Effekten 
bei. Zusätzlich wurde eine Reihe von verdächtigen Verbindungen und Verbindungsgrup-
pen identifiziert, deren Wirkungen noch nicht ausreichend untersucht sind, wie z. B. hete-
rozyklische aromatische Verbindungen, die Stickstoff, Schwefel oder Sauerstoff im aroma-
tischen System enthalten sowie keto- und hydroxy-PAKs. Während sich die Wirkungen 
einiger Fraktionen zu 100% und mehr durch identifizierte noch wenig untersuchte oder 
bereits bekannte Verbindungen erklären ließen, blieben die Effekte für einen großen Teil 
der Proben weitestgehend ungeklärt. Vor allem die heterogenen mittelpolaren und polaren 
Fraktionen, die eine wichtige Rolle bei der Gesamttoxizität spielten, enthielten nach dem 
ersten Fraktionierungsschritt noch eine Vielzahl von Verbindungen und sollten daher wei-
ter fraktioniert werden.  
Basierend auf den Erfahrungen, die bisher mit der Fraktionierungsmethode gesammelt 
wurden, kann die entwickelte Fraktionierungsmethode als ein standardisierter Startpunkt in 
der EDA von Sedimentextrakten eingesetzt werden, der eine erste Charakterisierung von 
verdächtigen Substanzen zulässt. Für die Identifikation unbekannter Kontaminanten sind 
allerdings weitere Methoden notwendig, die chemische und biologische Techniken sowie 
die Computer gestützte Modellierung unbekannter Verbindungen beinhalten.  
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Abstract 
Sediments can act as a sink and reservoir for compounds directly released into or generated 
in the environment. Sediment extracts often cause adverse effects in bioassays that can 
mostly not or to a minor extend be explained by target compounds and priority substances. 
Thus, unknowns or known compounds with unknown toxicological potential must be the 
cause of these effects. In order to identify these compounds, effect-directed analysis (EDA) 
combines biological and chemical analysis with fractionation procedures used to decrease 
the number of components contained in the investigated samples.  
In the first step of the presented work an on-line fractionation procedure using three cou-
pled and automatically switched normal phase (NP)-HPLC columns was developed, allow-
ing a class separation of compounds on the basis of different physico-chemical properties 
and thus a first characterisation of compounds. The method was proven to reliably frac-
tionate sediment extracts into (1) 12 nonpolar and (2) 6 medium polar to polar fractions 
containing (1) halogenated aromatic hydrocarbons such as polychlorinated biphenyls 
(PCBs), naphthalenes (PCNs) and dibenzo-p-dioxins and -furans, separated mainly by pla-
narity, parent and alkylated polycyclic aromatic hydrocarbons (PAHs) and nonpolar heter-
ocyclic aromatic compounds (PACs) and related substances, separated mainly by the size 
of the aromatic system as well as (2) PACs with at least one polar functional group, sepa-
rated primarily according to their polarity. 
Subsequently, six sediment samples from four highly polluted sampling sites within the 
Elbe and Danube River basins were fractionated using the developed procedure. Resulting 
fractions were investigated for mutagenic, tumor promoting (induction of the aryl hydro-
carbon receptor (AhR), disruption of gap junctional intercellular communication (GJIC)), 
endocrine disrupting (induction of changes in thyroid hormone metabolism, estrogen re-
ceptor-mediated activites) and cytotoxic effects. Mutagenic fractions were again fraction-
ated to further decrease the number of suspective compounds using additional reversed 
phase (RP)- and NP-HPLC methods. Active fractions were chemically analysed using GC-
MS, LC-MS/MS and HPLC-UV DAD methods. Additionally, the procedure was applied in 
10 other EDA studies for the fractionation of extracts of soil, sediment and suspended par-
ticulate matter originating from sampling sites with different pollution patterns and de-
grees. Biological endpoints of these studies included mutagenicity, AhR receptor-mediated 
activity, teratogenicity, endocrine disruption and algal toxicity.  
Results of all studies revealed that nonpolar fractions containing PAHs and related com-
pounds as well as polar fractions contributed to effects observed in the bioassays. Fractions 
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containing PCBs, PCNs and PCDD/Fs played a major role only at sites with known point 
sources. Although contamination patterns differed between sampling sites, rather similar 
toxicity patterns were determined for each biological endpoint. However, some samples 
showed additional single fractions with outstanding activity.  
A number of non priority compounds and compound groups was identified in the presented 
work to cause significant adverse effects in the applied biotests: dinitropyrenes, 3-
nitrobenzanthrone as well as parent and cyclopentafused PAHs were confirmed to contrib-
ute mainly to mutagenicity. Confirmed AhR-agonists were parent and methylated PAHs 
and 7H-benz[de]anthracene-7-one. Major estrogenic active compounds included 17β-
estradiol, estrone, 17α-ethinylestradiol, nonylphenols, bisphenol A and 7H-
benz[de]anthracene-7-one. In the other studies using the automated fractionation procedure 
among others thiophenes, musk compounds, furans, N-phenyl-2-naphthylamine and triclo-
san contributed to observed effects. Additionally, a number of suspect compounds and 
compound groups was identifed, whose effects are not sufficiently evaluated so far, includ-
ing heterocyclic PACs containing nitrogen, sulphur and oxygen in the aromatic system, 
and keto- and hydroxy-PAHs. While for some of the fractions up to 100% and more of the 
observed effects could have been related to identified less investigated or thoroughly eval-
uated toxicants, a major part of effects remained unexplained. Particularly the heterogene-
ous medium polar and polar fractions that played a major role for overall toxicity still con-
tained a multitude of substances after the first fractionation step and thus suggest further 
fractionation. 
Based on the knowledge gained so far the fractionation procedure could be used as a 
standardised starting point for effect-directed analysis of sediment extracts allowing a first 
characterisation of compounds of interest. Anyhow, for identification of unknown toxi-
cants the application of additional methods is necessary including chemical and biological 
procedures as well as computer assisted modelling techniques.  
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1 Introduction 
1.1 Contamination of sediments 
Various inorganic and organic contaminants such as heavy metals, polyaromatic hydrocar-
bons (PAHs), polychlorinated biphenyls (PCBs), naphthalenes (PCNs) and dibenzo-p-
dioxins and –furans (PCDD/Fs) as well as organochlorine pesticides like pentachlorophe-
nol (PCP), hexachlorocyclohexane (HCH) and dichlorodiphenyltrichloroethane (DDT) are 
known to accumulate in freshwater and marine sediments [1, 2]. They can originate from 
combustion and industrial production processes, agricultural activities, water treatment 
plants, contaminated soils and accidental releases and reach waterbodies by direct or dif-
fuse discharges through ground and tributary waters, deposition from the air or by land 
runoff. 
Contaminants such as polyaromatic compounds (PACs) are mainly adsorbed to suspended 
matter drifting through the water [2, 3]. Once they are deposited depending on their parti-
cle size and current velocity, they can be released into the surrounding pore water or the 
overlying water column according to their solubility and the surrounding physico-chemical 
conditions. Contaminants present in deeper layers of undisturbed sediment are effectively 
unavailable for the environment and thus sediments can act as a sink for pollutants [4]. 
However, deposited sediment particles can be remobilised by dredging or turbulences 
caused by propellers, storms, increase of current velocity or floods [5]. Furthermore, these 
disturbances can induce changes in their environment e.g. in pH and redox potential thus 
changing the availability of compounds [6].  
Sediments can act as a source of chronic contamination for benthic and pelagic organisms 
[2] causing acute and chronic as well as specific toxicity (mutagenicity, carcinogenicity, 
reproductive toxicity, immunotoxicity, neurotoxicity, organ specific toxicity) which can 
lead to death, tumors and reproductive and neurological effects [7]. These effects can de-
crease the resilience of an ecosystem by reducing biodiversity. Especially liphophilic con-
taminants can accumulate in organisms and are enriched throughout the food chain in a 
process called biomagnification. Thus, they can reach animals at higher trophic levels as 
well as humans. Enhanced concentrations of several pollutants have been detected in dif-
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ferent tissues and secretions of animals and humans such as PCBs in breast milk [8] and 
PCDD/Fs in fish liver and muscle [9]. 
Environmental risk assessment of contaminated sediments is based on the characterisation 
of effects and exposures [10]. In the first step “substances of concern” that have a water-
shed wide significance are identified [11]. Concentration data of these “substances of con-
cern” can be used for the identification and classification of “areas of concern” in which 
concentrations are elevated. In a third step “areas of concern” can be prioritised as “areas 
of risk” according to their risk to affect downstream regions.  
A number of compounds was identified and classified as priority or similarly regulated 
pollutants, e.g. by the Water Framework Directive (WFD) including PAHs, organochlorine 
pesticides, heavy metals, chlorinated alkanes and polybrominated biphenylethers [12]. 
However, 99% of the volume of chemicals marked in the EU/US have either incomplete or 
no information available about properties, uses and risks [13]. Furthermore, a large number 
of unknown compounds and metabolites generated in the environment may exist. Thus, 
target analysis often fails to link observed effects to target compounds. Several studies 
demonstrated that less investigated compounds such as the less defined group of polar 
compounds were responsible for an important part of observed effects including mutagen-
icity, tumor promotion and endocrine disruption [14-19].  
1.2 Elbe and Danube River basins 
The Elbe River begins in the Giant Mountains (Czech Republic), passes the cities of Par-
dubice and Ústí nad Labem (Czech Republic), Dresden, Magdeburg and Hamburg (Ger-
many) and finally discharges after 1094 km with about 870 m3 s-1 into the North Sea at 
Cuxhaven [20]. The size of the Elbe catchment area covers approximately 148000 km2 and 
is inhabited by 25 million people. The Elbe catchment area was known for its heavy pollu-
tion particulary before 1990, due to the discharge of partly nontreated municipal and indus-
trial effluents originating from mining and smelting activities, pulp mills, chemical indus-
try and refineries [21]. Mercury, PCBs, DDT and its metabolites, HCHs, hexachloroben-
zene, PCDD/Fs and octachlorostyrene are regarded as major contaminants of the Elbe Riv-
er [22]. Today, due to the discontinuation of industries in the region of the former German 
Democratic Republic and the Czech Republic and due to remediation and water treatment 
activities the water quality of the Elbe River improved. Nevertheless, the water quality is 
still classified as “critically loaded” on wide stretches [23] and pesticides and nutrients 
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originating from agriculture as well as contaminated soils and sediments represent a chron-
ic contamination source for the ecosystem [21, 24]. Furthermore, flood events such as the 
heavy flood in 2002 pose the risk of remobilisation of deposited contaminants from sedi-
ments and soils [25]. 
A number of studies regarding the ecological status and contamination profiles have been 
carried out in the Elbe River [4, 22, 26-33]. Furthermore, different working groups and 
organizations collect and publish environmental data such as the Arbeitsgemein-
schaft/River Basin Communitiy Elbe, the International Commission for the Protection of 
the Elbe River, Undine and the Federal Institute of Hydrology, Germany (BfG). 
The Danube River drains a big part of Central and Southern Europe. On its way from the 
Black Forest (Germany) to the Black Sea (Ukraine) it passes ten countries and several cit-
ies like Ulm (Germany), Wien (Austria), Bratislava (Slovakia), Budapest (Hungary), Novi 
Sad and Belgrade (Serbia). The Danube River is 2857 km long and has an average dis-
charge of 6700 m3 s-1. Its basin captures about 801000 km2 and is inhabited by about 83 
million people [34].  
Among others, hydromorphological alterations like pollution by industrial, agricultural and 
municipal waste waters that are not or not sufficiently treated and controlled, drainages 
from contaminated lands and flood events, channalization and blockages by water power 
plants as well as tourism impact the Danube River ecosystem [34]. Additionally, accidents 
pose a serious risk to the river. High amounts of cyanide were released from a mine in 
Romania in the year 2000. In 2006 a 140 km long oil film was formed after the accidential 
release of oil from a Serbian refinery. Today, cadmium, lead, mercury, DDT, lindane and 
atrazine as well as 4-iso-nonylphenol and di[2-ethyl-hexyl]phthalate are regarded as the 
most serious polluting chemicals in the Danube River basin [34]. 
A number of studies regarding the ecological status and contamination profiles have been 
carried out in the Danube River basin [35-40]. Furthermore, the International commission 
for the protection of the Danube River collects and publishs environmental data. 
The Elbe and Danube River basins are affected by different sources of contamination. 
Highly polluted areas include: 
1) The Elbe River at Přelouč downstream the industrial region of Pardubice (Czech Repub-
lic, Figure 1.1). Major products manufactured in the region of Pardubice include chemicals 
used for the production of explosives, inorganic chemicals, synthetic resins and organic 
paints [22]. Residues from this industrial production as well as urban waste waters and 
soils contaminated with aliphatic hydrocarbons, simple aromatics, mainly petrogenic 
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PAHs, PCBs, metals, organochlorine pesticides and related substances (DDTs, hexachlo-
robenzene, HCB) are expected to affect downstream stretches in the Elbe River. 
2) The Elbe tributary Bílina at Most near Ústí nad Labem. The River Bílina at Most is af-
fected by waste waters originating from petrochemical, textile and chemical industry, by 
municipal waste waters from treatment plants and the deposition of pyrogenic PAHs. Fur-
ther sources of contamination may be brown coal mining, a dumpsite for industrial wastes 
and contaminated lands caused by accidental releases of chemicals [41]. 
3) The creek Spittelwasser that discharges into the Mulde River, a major tributary flowing 
into the Elbe River near Dessau. Numerous organic and inorganic chemicals like dyes and 
pesticides, synthetic materials, ion exchangers and chemical weapons [42] have been pro-
duced in the Bitterfeld region in the former German Democratic Republic. Several studies 
have been carried out to assess the ecotoxicological risk of this area [27, 42-45]. Spit-
telwasser and the Bitterfeld region are known to be a chronic source for PCNs, PCBs, 
PCDD/Fs, DDT and HCHs arising from contaminated soils. Inputs of PCDD/Fs are 
thought to orginate from metalworking processes [46]. Today, a broad range of chemical 
compounds and materials as well as pharmaceuticals are still produced here.  
4) A waste water channel discharging into the River Danube downstream Belgrade (Figure 
1.2). Its waters consists mainly of waste waters from a petrochemical factory, an oil refin-
ery and a chemical fertilizer factory. The environment around the channel is chronically 
polluted by the industrial complex and the heavy destructions caused by the air strikes in 
1999 leading to accidential releases and/or combustion of various hazardous substances. 
The region is known for its contamination by mercury, dichloro ethylene, petroleum hy-
drocarbon components, PAHs, PCBs and PCDD/Fs.  
In addition, diffuse sources of contaminants originating e.g. from the combustion of fossil 
fuels have to be considered for all sites. 
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Figure 1.1: Location of three heavily polluted areas (black spots) in the Elbe River basin 
(redrawn after [20]). 
 
Figure 1.2: Location of the waste water channel (black spot) in the River Danube basin 
(redrawn after [47]). 
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1.3 Effect-directed analysis (EDA) 
1.3.1 Principles of EDA 
Due to the fact that the determination of hundreds and thousands of compounds contained 
in an environmental sample is impossible by target analysis and effects of these com-
pounds are often unknown, additional techniques and methods are necessary to identify 
compounds and compound groups affecting environmental health. The combination of  
different fractionation techniques with toxicity testing and target and non-target chemical 
analysis (Figure 1.3) has been shown to be a powerful approach for the identification of 
environmental toxicants [48]. After the initial toxicity testing, the extract of an environ-
mental sample (sediment, water, air, soil) is subjected to fractionation with subsequent 
biotesting and chemical analysis. This procedure can be repeated applying fractionation 
techniques with different physico-chemical properties in order to ease chemical analysis by 
reducing the number of suspect compounds. In a last step, the contribution of the identified 
compounds to the observed effect is confirmed by evaluation of the toxic potential of the 
respective standard compound (confirmation step).  
 
Figure 1.3: Scheme of Effect-Directed Analysis according to Brack [48]. 
A number of EDA-studies has already been conducted identifying a range of potent toxi-
cants in environmental samples. Three examples shall be given here to illustrate the poten-
cy of the approach. Watanabe et al. [49] related a major part of mutagenic effects in soils 
from Japan to dinitropyrenes and 3-nitrobenzanthrone and Moller et al. [50] identified sev-
eral nitro- and keto-PAHs as mutagens in source emission and ambient air. Houtman et al. 
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[51, 52] related a major part of estrogenic effects in marine sediments from Zierikzee har-
bour, Netherlands and fish bile to 17β-estradiol. Brack and Schirmer [17] identified 
dinaphthofurans, 2,2-naphththalenylbenzothiophene, methylated chrysene, and 
benz[a]anthracene as major aryl hydrocarbon receptor (AhR) mediating toxicants in con-
taminated sediments from Bitterfeld, Germany.  
1.3.2 Chemical and bioanalytical procedures 
1.3.2.1 Sample Preparation – extraction and clean-up 
Several extraction and clean-up methods have been used for the preparation of sediment 
extracts in amounts sufficient for biological and chemical analysis. Besides the classical 
soxhlet extraction technique several other methods have been developed for the exhaustive 
extraction of organic compounds from sediments and soils such as accelerated solvent ex-
traction (ASE), supercritical fluid extraction (SFE), sonication and microwave-assisted 
extraction [53-57] in order to reduce organic solvent consumption, extraction time and 
labour costs and to increase extraction efficiency. Depending on the scope of the study, 
also bioaccessibility-directed procedures are used applying different sorbents and tech-
niques, such as extraction with TENAX, a porous polymer based on 2,6-diphenyl-p-
phenylene oxide and cyclodextrin or mild extraction using SFE and solvents with different 
strengths [58-60]. 
In the following studies ASE was used for exhaustive extraction. An ASE device allows 
for the application of heated and pressurized solvents which usually stay three times for 10 
min in a closed stainless steel cartridge containing the solid sample. Thus, solvent con-
sumption is reduced when compared to soxhlet extraction and extraction times decrease to 
less than 1 h per sample due to faster desorption kinetics [61]. Furthermore, different sol-
vents can be used within the extraction of one sample.  
Several clean-up methods with different underlying processes are used for the sample 
preparation of sediments and soils, such as separation by molecular size using size ex-
clustion chromatography by gel permeation chromatography (GPC) [62] or dialysis [63-
65], column chromatography on different adsorption agents such as silica [66] or clean-up 
via oxidation using e.g. copper [15]. The removal of elemental sulphur, polyphenols and 
other natural macromolecules during clean-up procedures facilitates e.g. chemical analysis, 
sample handling and sample processing due to a reduced number of compounds contained 
in the extract, a decreased viscosity of the sample and the reduced risk of instrument con-
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tamination. Furthermore, the interference of sulfur and macromolecules with biological 
analysis due to cytotoxic, agonistic and antagonistic effects can be decreased [67]. Howev-
er, clean-up always bears the risk of losses of compounds of interest. Stationary phases 
used in adsorption chromatography may irreversibly bind compounds and oxidative clean-
up methods alter the sample composition by chemical reactions. Thus, the clean-up of sed-
iment extracts according to the molecular sizes of sample compounds using GPC or dialy-
sis is the most suitable method for EDA.  
Separations of components by GPC on porous beads depend on the size and shape of the 
molecule (the hydrodynamic volume) with respect to the average pore size and shape of 
the packaging [68]. Molecules that are too large to enter the pores of the packaging are 
eluted first with the void volume that corresponds to the solvent volume between particles. 
Smaller molecules penetrate into the pores and are retained according to their molecular 
size. Molecules that can freely diffuse into the pores are eluted last. Thus, their elution vol-
ume is equal to the total mobile phase volume of the packaging (sum of void volume and 
volume held in the pores). Following the thermodynamic model, the separation process is 
entropically controlled by the concentration gradient between the concentration of a com-
pound in the solvent inside the pores and the concentration in the surrounding solvent. 
Clean-up characteristics are mainly influenced by the degree of cross linkage of the poly-
mer and thus by the pore-size of the solid phase. Although separation depends mainly on 
the diffusion of solutes into the pores, also interactions between the solute and the sation-
ary phase can occur. Applying GPC, the sample is flushed by an organic solvent such as 
tetrahydrofurane or dichloromethane (DCM) onto the solid phase consisting of e.g. poly-
styrene polymers crosslinked by divinylbenzene. Components are eluted according to their 
molecular size starting with the largest components such as humic substances, followed by 
target compounds in a second and sulphur in a third fraction. Fractionation windows have 
to be controlled and adjusted using standard compounds. 
For the dialysis clean-up procedure, a concentrated raw extract is separated by a semiper-
meable membrane from the surrounding solvent. Permeants dissolved in the membrane 
diffuse through the membrane down the concentration gradient corresponding to their size 
and shape [69]. Separation is controlled by the amounts of material that dissolve in the 
membrane and the rate of diffusion through the membrane (solution-diffusion model). 
While small molecules can diffuse through the membrane quickly, matrix macromolecules 
are retained in the raw extract due to size exclusion or slow diffusion [65]. Recoveries of 
target compounds and carryover of matrix substances depend on the solvents used and 
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their temperature, the applied pressure, the number and duration of solvent cycles and the 
composition and thickness of the membrane [70]. These parameters affect one another and 
control the transfer velocity of compounds through the membrane. Using accelerated 
membrane assisted clean-up (AMAC), a dialysis procedure assisted and automated by an 
ASE device, sediment extracts filled into cleaned polyethylene bags are placed in stainless 
steel ASE cartridges. To prevent the bag from sticking to the cartridge wall bags are 
wrapped into a stainless steel mesh. Similar to the extraction using ASE, solvent is flushed 
into the cartridge allowing the permeation of compounds through the membrane according 
to their molecular size and dialysis conditions. Solvents are exchanged after a given time to 
maintain a steep concentration gradient. This process can be repeated several times using 
different solvent compositions. Streck et al. [70] reported that the matrix removal capacity 
for fish samples was about 20fold higher than for GPC, reducing sample processing time 
and solvent consumption in the experiments by a factor of 5 and 13, respectively. At the 
same time, the automated method achieved recoveries comparable with those obtained 
with GPC and decreased amounts of matrix compounds remaining in the cleaned-up ex-
tract. Thus, clean-up by AMAC is a suitable clean-up method for sediment extracts reduc-
ing labor time, solvent consumption and increasing clean-up efficiency when compared to 
GPC.  
1.3.2.2 Fractionation techniques 
In EDA fractionation of environmental extracts is used to reduce the complexity of the 
mixture and to isolate predominating toxicants from those compounds that do not signifi-
cantly contribute to mixture toxicity. This helps to facilitate the identification process by 
chemical analysis and enables a more reliable confirmation of toxic compounds. Ideally, 
fractionation mechanisms are related to biological effects such as the separation of PCBs 
according to planarity. 
Compounds contained in complex mixtures can be fractionated using different methods 
providing sample amounts sufficient for chemical and biological analysis. In environmen-
tal analysis, complex mixtures are mostly fractionated by exploiting interactions between 
analytes and stationary phase including open column chromatography and normal phase 
(NP)- and reversed phase (RP)-HPLC. A wide range of stationary phases such as pure and 
modified silica, aluminia and polymeric phases, porous graphitized carbon (PGC) station-
ary phases [71-74] and ion exchangers [75, 76] are available. Furthermore, preparative 
capillary GC allows the separation and collection of closely related substances and isomers 
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that are insufficiently separated by HPLC such as those contained in technical p-
nonylphenol [77]. 
Polar stationary and nonpolar organic solvents are used in NP-LC, while nonpolar station-
ary phases and polar aqueous mobile phases are applied in RP mode. In order to explain 
the retention of compounds in RP-LC a two step model was suggested [78] combining par-
titioning and adsorption. In a first step the organic modifier contained in the mobile phase 
is enriched on the stationary phase by adsorption. Secondly, partitioning of the solutes 
takes place between this interface and the mobile phase by displacement of solvent mole-
cules. Different stationary phases such as the most commonly applied octadecyl carbon 
chain, phenyl, hydroxy or cyano bonded silica or polymeric stationary phases are available. 
Also endcapping of unsubstituted silanol groups by nonpolar short-chain silanes can alter 
retention characteristics by avoiding secondary polar interactions with unsubstituted silanol 
groups. However, retention in RP-LC is basically infuenced by the partition of sample 
compounds between water and the mobile phase and thus by hydrophobic interactions be-
tween the solute and the stationary phase. Thus, retention characteristics of the different 
stationary phases do not differ basically. In NP-LC retention on pure silica is based on ad-
sorption processes. Retention characteristics of pure silica phases can be basically changed 
by adsorption of residual water contained in organic solvents and samples [79]. Further-
more, the application of elution gradients requires a time consuming reequilibration step 
due to a slow formation of the equilibrium state between the mobile and the stationary 
phase [80]. To overcome these problems and to exploit a bigger variety of interactions sev-
eral modified stationary phases have been developed for usage in NP-mode [81]. Introduc-
ing modifications by diol-, amino- nitrophenyl- and cyanopropyl-groups several other in-
teractions additional to those with silanol groups are involved in the retention process such 
as П-П, polar, hydrophobic, charge-transfer, dipole-dipole, ionic and hydrogenbond inter-
actions (Table1.1). Thus, NP-HPLC on silica phases offers a variety of separation possibil-
ities according to a multitude of available stationary phases and separation mechanisms.  
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Table1.1: Functional groups and related chemical structures of side chains introduced into 
silica phases and possible resulting interactions between the analyte and the stationary 
phase in NP-HPLC. 
Functional group Chemical structure Type of interactions 
Cyanopropyl 
R
N  
П-П, polar, hydrophobic 
Nitrophenylpropyl 
R
N
+
O
-
O
 
П-П, charge-transfer, dipole-
dipole, hydrophobic 
Pyrenylethyl R
 
П-П, charge-transfer, hydropho-
bic 
Dihydroxypropyl 
O
CH3
OH
OHR  
Hydrogenbond 
Aminopropyl 
R NH2 
Polar, hydrophobic, weak ion-
exchange 
Benzoesulfonic acid 
R
S
O
O
O
Na
 
Ionic 
Quaternary ammo-
nium 
R
N
+
CH3
CH3
CH3
Cl
-
 
Ionic 
 
Porous graphitizied carbon (PGC) represents another available stationary phase with totally 
different properties compared to silica. It consists of a polymerized phenol-formaldehyde 
mixture which is graphitized at 1000°C within surrounding silica pores [82]. After dissolu-
tion of the silica with sodium hydroxide remaining micropores are removed by heating up 
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to 2800°C leaving behind a macroporous material with closely intertwined layers of hex-
agonally arranged carbon atoms. The crystalline surface acts as a large polynuclear aro-
matic molecule. Compounds are retained according to hydrophobic interactions between 
the planar part of the molecule and the planar surface of the stationary phase according to 
the size and the planarity of the molecule [83]. Additionally, the polar retention effect by 
graphite (PREG) that is induced by lone pair or aromatic ring electrons interacting through 
an electron transfer mechanism with the electronic cloud of the graphite is involved in re-
tention of compounds. This effect is particulary pronounced when polar groups are at-
tached to a benzene ring or larger aromatic systems and is thought to be responsible for the 
increased retention of e.g. polar substances [84]. 
Thus, NP-LC was already used in a range of EDA studies [16, 56, 85, 86] applying a varie-
ty of available stationary phases with different retention mechanisms. The cyanopropyl 
column had been shown to efficiently fractionate medium polar and polar compounds 
while the nitrophenylpropyl stationary phase was used for the separation of PAHs and oth-
er compounds in environmental extracts [87-91]. Both the PGC and the pyrenylethyl col-
umn represent stationary phases that excellently separate compounds with a low density of 
the П-electron system such as PCBs, PCNs and PCDD/Fs [92-97]. Because only organic 
solvents are used and thus fractions can be directly evaporated prior to further analysis and 
biotesting and no time consuming re-extraction from the aqeous phase is necessary as for 
RP-LC fractions.  
Nevertheless, due to the multitude of compounds contained in environmental samples, typ-
ically more than one fractionation process is necessary until a compound responsible for an 
observed effect can be identified in EDA. Fractionation processes are usually laborious and 
possess the risk of compound losses and contaminations. Thus, automated procedures 
combining different stationary phases can be used to reduce sample processing time, sol-
vent consumption and the risk of contaminations and increase recoveries of compounds of 
interest. Some general considerations have to be taken into account for the development of 
a multi-step online fractionation procedure: To allow a combination of the columns all 
stationary phases have to be run with the same set of solvents starting with the same sol-
vent during trapping of compounds. According to their retention behaviour a part of the 
analytes have to pass one or two columns before they are trapped. This can lead to an in-
creased shift in retention times and peak broadening. Switch off times of columns and frac-
tionation windows must be carefully selected to avoid carryover of compounds between 
fractions. Shifts in retention times have to be reduced to a minimum extend by constant 
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column temperatures and a proper re-equilibration of stationary phases. When switching to 
another column purging of tubes due to solvent exchange has to be considered. Residual 
water in samples and solvents has to be avoided as this can cause a great alteration of the 
retention behaviour of NP stationary phases. Furthermore, the avoidance of memory ef-
fects by proper purging of columns after each run and the sample loading capacity that 
depends on the sample composition have to be taken into account.  
1.3.2.3 Biological endpoints and bioassays 
Chemical agents are able to affect different toxicological endpoints in cells and organisms 
including mutagenicity, cancerogenicity, endocrine disruption, neurotoxicity, cytotoxicity 
and many more. The exposure to these compounds can lead to different adverse effects on 
growth, development, health and reproduction [98]. Mutagenic and teratogenic substances 
induce mutations in somatic or germ cells and can cause genetic alterations of cells, struc-
tural malformations in fetuses and cancer [99]. 240 human mutagenic and non-mutagenic 
carcinogens are already listed by the National Toxicology Program such as 2-
aminoanthraquinone, benzo[a]pyrene and 6-nitrochrysene [100] but a lot more are suspect-
ed since the toxic potential of thousands of compounds is still unknown. 
Three steps are regarded to be necessary for carcinogenesis [101, 102]: the genotoxic event 
in the initiation phase, epigenetic events in the promotion phase and proliferation in the 
progression phase. In the initiation phase a genetic change of a stem cell is caused by direct 
or non-direct acting mutagenic compounds such as aromatic amines or benzo[a]pyrene 
leading to changes in the structure of DNA and the activation of oncogenes or antionco-
genes (genotoxic events). In the second stage (promotion) microenvironmental factors of 
the stem cell are affected by complete carcinogens or promoting substances that e.g. stimu-
late cell growth and induce immunosuppression (epigenetic events). Tumor promotion can 
be caused by disruption of extra-, intra- or intercellular communication e.g. by induction of 
the arylhydrocarbon receptor (AhR) or the downregulation of gap junctional intercellular 
communication [103] induced by substances such as PAHs, PCBs and TCDD/Fs. By bind-
ing to the AhR, tumor promoters or complete carcinogens trigger a cascade of cellular 
events leading to the increased expression of the cytochrome P4501A gene [104]. Gap 
junctions are membrane-associated protein channels that are sensitive to environmental 
triggered signals which can modulate intracellular signals [105]. Changes in gap junction 
function have been associated with growth control, development, differentiation, apotosis, 
and adaptive responses of differentiated cells. In a last step (progression) growth autono-
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mie and malignancy of the neoplastic cells increase (proliferation) or apotosis or necrosis 
occur.  
Endocrine disruptors are naturally occurring or synthetic substances that interfere with the 
synthesis, secretion, transport, binding, action or elimination of natural hormones that are 
responsible for development, behaviour, fertility, and maintenance of homeostasis [106]. 
They belong to different chemical classes such as drugs (17-α-ethinylestradiol), pesticides 
(DDT, atrazine), compounds used for the production of plastics (bisphenol A, phthalates), 
personal care products and household detergents (polycyclic musk compounds, triclosan, 
nonylphenol), industrial by-products and pollutants (PCBs, PCDD/Fs, PAHs, alkylphenols) 
and can e.g. influence sex steroid metabolism or act as thyroid hormone disrupting com-
pounds [19, 51, 107, 108].  
Cytotoxic compounds such as ethanol, hydrogenperoxide and formaldehyde can lead to 
necrosis, reduced cell viability and apotosis [109]. 
Bioassays can assess the toxic potential of compound mixtures [98]. Together with the 
simultaneous assessment of the chemical status and ecological shifts, a comprehensive 
view inside the status of an ecosystem can be achieved [110]. Bioassays consider effects 
occurring in mixtures of chemicals and matrix compounds such as synergism and antago-
nism. Toxicity data of single compounds and environmental samples can be compared by 
using different parameters such as toxic equivalency factors (TEFs) and toxic equivalents 
(TEQs, [111]), effective concentrations (ECs), and lowest effect concentrations (LOECs). 
Bioassays are often rapid, highly standardised and cost-effective. They are widely used for 
the monitoring of air and water quality and can be used as early warning systems for envi-
ronmental contaminations and damages [98]. However, bioassays only represent a model 
system applying a limited number of species [112] and extrapolation of results to other 
organisms or higher biological levels as well as the assessment of bioavailable concentra-
tions is limited [98]. For example, compounds identified as mutagens in the Ames test are 
also regarded as possible carcinogens [113]. The non DNA reactive rodent carcinogens 
acetamide, aniline, methyl carbamate and thiourea were tested negative in the Ames test 
[114]. On the other hand non-cancerogenic 1-nitronaphthalene and methylparathione gave 
positive responses [115]. A direct identification of compounds by bioassays is not possible 
and synergistic and antagonisitic effects can interfere with compound identification. Fur-
thermore, the determination of chronic effects can be laborious and time consuming [98].   
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Several biological in vivo and in vitro assays are available for different biological end-
points: 
(1) Mutagenic effects can be determined applying Salmonella typhimurium in the Ames 
assay. 
(2) Tumor promoting effects can be assessed by determination of the induction of ethoxy-
resorufin-o-deethylase in the EROD assay, the luciferase induction using the dioxin re-
sponsive chemically activated luciferase in the DR-CALUX assay and the inhibition of 
gap junctional intercellular communication (GJIC). 
(3) The transthyretin (TTR)-binding and the estrogen responsive (ER)-CALUX assay can    
be applied for the determination of endocrine disrupting effects. 
(4) The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell cytotox-
icity/proliferation assay can be applied for the detection of cytotoxic effects. 
1.3.2.4  Chemical analysis 
In EDA, chemical analysis is used to screen samples for unknowns and for target com-
pounds in order to identify substances that may be responsible for an observed effect. Ana-
lytical methods commonly used for environmental analysis include separation by GC and 
LC and detection using MS, MS/MS or UV DAD systems [116-119]. Other detectors cou-
pled to GC such as the flame ionisation or electron capture detectors that have been widely 
used in the past have been mostly replaced due to limited identification possibilities. For 
the detection of compounds occurring in low concentration in the environment more spe-
cific techniques can be necessary. GC and/or MS techniques with enhanced resolution are 
applied for a sensitive detection of low concentrated pollutants such as PCBs, PCDD/Fs 
and PCNs [120-122]. HPLC with on-line reduction and fluorescence detection was report-
ed to be a sensitive method for the analysis of polycyclic nitro compounds [123].  
Diode array detection allows the simultaneos collection of absorption data from a range of 
UV and visible wavelengths while MS detectors record mass spectra of sample com-
pounds. Spectra libraries and retention indices support target analysis and help with the 
identification of unknown compounds, which is a crucial step in EDA.  
MS/MS methods provide additional information about fragmentation of the analytes and 
thus further support the identification of unknowns. GC separation techniques with MS 
detection allow a reliable identification of thermally stable and volatile compounds in envi-
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ronmental samples. Furthermore, in many laboratories analytical methods for a variety of 
compounds exist that can routinely be used for the fast and non-laborious analysis of target 
compounds. However, although more polar columns are available for the separation of 
polar compounds and derivatization of these compounds can increase their volatility and 
decrease detection limits [124], GC-MS is most suitable for the detection of nonpolar sub-
stances. HPLC with detection methods such as UV DAD or fluorescence detection is suit-
able for the determination of compounds with different physico-chemical properties, such 
as polar and non volatile and/or thermally labile compounds. However, identification pos-
sibilities of non target analytes are limited and analytical procedures are more time and 
solvent consuming. To overcome these problems, LC-MS/MS methods can be used allow-
ing a sensitive detection and identification of - among others - polar and non volatile 
and/or thermally labile substances [116]. Applying different ionisation sources such as 
electrospray (ESI) and atmospheric pressure chemical ionisation (APCI) different ionisa-
tion conditions can be generated for the ionisation of polar and also nonpolar compounds. 
However, identification of substances is more difficult and requires more expert 
knowledge than using GC-MS because resulting ions and fragments depend on the appa-
ratus and analytical paramters [116]. Furthermore, existing libraries contain fewer com-
pounds than GC-MS libraries.  
1.4 Aims and scope 
While e.g. in Germany 88% of the surface waters fulfil the requirements for a good chemi-
cal status, only 13% are in a very good or good ecologcial status. Generally, a high nutrient 
input and resulting eutrophication as well as hydromorphological alterations are generally 
regarded as main causes for an insufficient ecological status. However, although thousands 
of known and unknown substances can be detected in samples from aquatic environments, 
only 41 priority substances and other hazardous substances need to be monitored in Euro-
pean waters according to the WFD [12] and it is obvious that not all hazardous substances 
are captured by the WFD. Discharges of contamininats originating from agricultural and 
mining activities, industrial and municipal waste waters and waters from contaminated 
soils that are not covered by the chemical status according to the WFD may have a consid-
erable impact on the ecological status. 
The project MODELKEY was based on the demand of the WFD for a good ecological and 
chemical status of all European river systems until the year 2015. One major goal of the 
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project was to identifiy key toxicants that may not be monitored up to now and to evaluate 
their impact on the aquatic environment using effect-directed analysis under consideration 
of the bioavailabilty of compounds. Within this subproject the aim of the following work 
was to (1) develop a multistep online normal phase (NP) HPLC fractionation procedure 
that allows a reproducible fractionation of sediment extracts of different origin (Chapter 2) 
and (2) the effect-directed analysis of sediment samples from the Elbe and Danube River 
basins with different biological endpoints applying the developed and other fractionation 
procedures with special focus on mutagenicity (Chapter 3).  
Thus, basing on a former study carried out by Brack et al., [91] an automated on-line frac-
tionation procedure combining three fractionation steps was developed and evaluated for 
the fractionation of sediment extracts (Chapter 2). The procedure allows for the simultane-
ous separation of polyaromatic compounds on three stationary phases and offers a first 
characterisation of contained compounds on the basis of physico-chemical properties.  
Within the scope of the EDA studies, sediment extracts from the Elbe and Danube River 
basins were first fractionated using the developed automated fractionation procedure 
(Chapter 3). Subsequently, fractions were subjected to different bioassays for a screening 
and prioritisation of toxic fractions with respect to mutagenic, tumor promoting, endocrine 
disrupting and cytotoxic effects using the Ames assay with tester strains TA98, TA100, 
YG1024 and YG1041, the EROD and DR-CALUX assays, the ER-CALUX and TTR-
binding assays as well as the MTT cell cytotoxicity/proliferation assay. Furthermore, the 
inhibition of GJIC was assessed (Chapters 3.1, 3.3). Selected mutagenic fractions from the 
River Elbe basin were further fractionated applying RP- and NP-fractionation methods 
(Chapter 3.2).  
GC-MS, LC-MS and HPLC-UV DAD methods were used for the detection and quantifica-
tion of target analytes as well as for the identification of unknowns in parent extracts and 
generated fractions. On the basis of analytical results substances were selected for the con-
firmation step to confirm and quantify the contribution of mutagenic effects to single com-
pounds or compound mixtures (Chapters 3.2, 3.3). Chemically derived TCDD and estradi-
ol equivalents were calculated and compared to biologically derived equivalents in order to 
quantifiy the portion of effects that are explainable by target compounds (Chapters 3.2, 
3.3).  
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2 Automated fractionation procedure for polyclyclic 
aromatic compounds in sediment extracts on three 
coupled normal-phase high-performance liquid 
chromatography columns 
 
2.1 Abstract 
Polychlorinated biphenyls, naphthalenes, dibenzo-p-dioxins and furans, as well as poly-
aromatic hydrocarbons (PAHs), hydroxy-, keto- and nitro-PAHs and sulphur, oxygen and 
nitrogen heterocycles represent major groups of toxicants in contaminated sediments. The 
identification of toxic substances in effect-directed analysis is often based on a group-
specific fractionation of these polycyclic aromatic compounds (PACs). Several fractiona-
tion steps using different methods, solvent exchange and concentration steps are generally 
necessary to achieve this aim increasing the risk of losses and artefact formation. In order 
to avoid these disadvantages and to enhance the throughput, an automated online fractiona-
tion method was developed using coupled and automatically connected columns, including 
cyanopropyl and nitrophenylpropyl bonded silica and porous graphitised carbon stationary 
phases. Exploiting the potential of each column, compounds are separated mainly accord-
ing to their polarity, number of aromatic carbons and planarity. Excellent group specific 
resolution, high reproducibility and good recoveries suggest that this method is suitable for 
the fractionation of a multitude of major sediment contaminants in one HPLC-run. 
2.2 Introduction 
Polycyclic aromatic compounds (PACs) result from incomplete combustion and industrial 
processes or originate from fossil fuels as well as from natural sources like volcanic erup-
tions [1, 2]. They occur as complex mixtures in the environment and are often character-
ised by low water solubility and a tendency to partition into suspended and sediment or-
ganic matter. Group-specific biological and chemical analysis of PACs in sediment ex-
tracts, for example for effect-directed identification of key toxicants, requires adequate 
fractionation procedures. The complexity of sediment contaminants often requires multi-
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step fractionation methods that exploit differences in physico-chemical compound proper-
ties and their interactions with chromatographic phases for separation. Ideally, these prop-
erties are also relevant for biological effects. Multi-step fractionation techniques may in-
clude liquid-liquid and solid phase extractions, normal- and reversed-phase high-
performance liquid chromatography techniques or combinations of these methods [3-6]. 
Off-line multistep fractionation procedures on different HPLC columns have been applied 
successfully for the fractionation of sediment extracts [7, 8] and first attempts for on-line 
fractionation procedures on coupled HPLC-columns have been made [9, 10]. However, a 
method for the separation of all major PAC groups in one run is not available yet. 
Thus, the aim of this work is to provide an automated on-line multi-step HPLC fractiona-
tion procedure for sediment-associated PACs, which is applicable for a multitude of pollu-
tion patterns. Major requirements for such a procedure are (i) high selectivity for major 
PAC groups, (ii) high throughput, and (iii) low risks of losses and artefact formation. Dif-
ferent stationary phases with group-specific selectivities using a uniform set of mobile 
phases are required for the separation of PACs on coupled columns, including parent and 
alkylated polycyclic aromatic hydrocarbons (PAHs), heterocyclic PACs containing nitro-
gen (N-PACs), oxygen (O-PACs) or sulphur (S-PACs), polychlorinated biphenyls (PCBs), 
naphthalenes (PCNs) and dibenzo-p-dioxins and furans (PCDD/Fs), as well as medium 
polar to polar PACs such as quinones, nitro-, hydroxy- and keto-PAHs. While reversed 
phase (RP)-LC barely meets this requirement since separation is predominantly based on 
hydrophobicity, normal phase (NP)-LC enables separations according to a broad range of 
compound properties and their interactions with stationary phases. Major analyte proper-
ties that can be exploited for separations include size and electron density of the aromatic 
system, inductive and mesomeric effects of the substituents, hydrogen bond and electron-
donor-acceptor properties as well as the three-dimensional shape. Four different stationary 
phases were selected to test their suitability for the automated fractionation procedure: Me-
dium polar to polar PACs were separated selectively on a cyanopropyl (CN) stationary 
phase [11-14] depending mainly on hydrogen bond abilities and dipole-dipole interactions 
between the stationary phase and the analyte [15, 16]. Separation of nonpolar PACs ac-
cording to the size of their aromatic system on a nitrophenyl (NO) stationary phase is 
based on interactions between its electron-depleted nitrophenyl group and the electron-rich 
π-electron systems of PACs [2, 10, 17]. Chlorinated aromatic compounds such as PCBs 
and PCDDs were separated according to their planarity and chlorination degree on 
pyrenyl-bonded (PYE) silica [18-20], as well as on porous graphitised carbon (PGC) [21, 
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22]. Retention is based mainly on sterically eased or hindered interactions between the 
electron-enriched aromatic system of the functional groups (PYE) or the surface (PGC) of 
the stationary phase and the electron-depleted aromatic system of chlorinated PACs. 
As first step of method development selected columns were evaluated for their retention 
behaviour. Secondly, the fractionation procedure on three connected and automatically 
switched HPLC columns was established including the HPLC system setup, solvent com-
positions and gradients, as well as the definition of fractionation windows. For subsequent 
validation the recoveries of model compounds, the reproducibility of retention times and 
the influence of the column system on peak broadening were determined. In a last step the 
method was applied on sediment samples. 
2.3 Materials and Methods 
2.3.1 Chemicals 
HPLC-grade hexane (HX), dichloromethane (DCM), toluene and acetonitrile (ACN) were 
obtained from Merck (Merck, Darmstadt, Germany). For suppliers of analytical standards 
see Table 2.1. 
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Table 2.1: Suppliers of standard compounds. 
Purchaser Compound 
AccuStandard, Inc. 
(New Haven, USA) 
 
Chiron AS 
(Trondheim, Norway) 
 
 
 
 
Dr. Ehrenstorfer GmbH 
(Augsburg, Germany) 
 
Fluka 
(Buchs, Switzerland) 
 
Institute of analytical Chem-
istry, WWU Münster  
(Münster, Germany) 
Lancaster Synthesis, Ltd. 
(Lancaster, Great Britain) 
Promochem  
(Wesel, Germany) 
 
 
 
Sigma-Aldrich 
(Deisenhofen, Germany) 
 
 
 
TCI-EP 
(Tokyo, Japan) 
Ultra Scientific 
(Kingstown, USA) 
1,6-Dinitropyrene, 3-nitrofluoranthene, 6-nitrochrysene, 9-nitroanthracene, 
polychlorinated biphenyls (PCBs): PCBs 77/81/105/118/126/156/180 (ac-
cording to Ballschmitter [23]) 
1,3-Dinitropyrene, 1,4-chrysenequinone, 5,6-chrysenequinone, 1-
hydroxypyrene, 3-hydroxybenzo[a]pyrene, 3-nitrobenzanthrone, 4H-
cyclopenta[cd]pyrene-3[4H]-one, 4H-cyclopenta[def]phenanthrene-4-one, 
6H-benzo[cd]pyrene-6-one, 6-nitrobenzo[a]pyrene, anthanthrone, acenaph-
thoquinone, benzo[a]fluorene-11-one, benzo[b]fluorene-11-one, ben-
zo[b]naphtho[2,1-d]thiophene 
PCB 209 
 
1,4-Naphthoquinone, 1-methylpyrene, 1-naphthol, anthraquinone, polyaro-
matic hydrocarbons (PAHs): acenaphthene, benzo[k]fluoranthene, biphenyl, 
fluoranthene, perylene 
2,2-Naphthalenylbenzothiophene 
 
9-Fluorenone 
 
Polychlorinated naphthalenes (PCNs): 1,2,3,4,5,6,7-/1,2,3,4,5,6,8-/ 
1,2,3,5,6,7-/1,2,3,4-/1,2,3,6,7-/1,3,5,7-/2,3,6,7-CN, 1,4-anthracenedione,  9-
hydroxyphenanthrene, benz[a]anthracene, benzo[ghi]fluoranthene, 
dibenz[a,j]acridine, indeno[1,2,3-cd]fluoranthene, indeno[1,2,3-cd]pyrene, 
PCBs 28/101/194, phenanthrene-9,10-dione, pyrene-1,6-quinone 
1,8,9-Trihydroxyanthracene, 1,8-dihydroxyanthraquinone, 1-nitropyrene, 1-
methylanthracene, 2,6-dimethylaphthalene, 2-methylanthracene,  9-
anthracenealdehyde, acenaphthylene, acridine, anthracene, benzo[a]pyrene, 
benzo[e]pyrene, benzo[ghi]perylene, benzo[h]quinoline, carbazole, coronene, 
chrysene, naphthalene, phenanthrene, pyrene 
1-Hydroxyanthraquinone, 2-hydroxyanthraquinone 
 
1-Nitronaphthalene, 2-nitrofluorene, PCB 169, polychlorinated dibenzo-p-
dioxins/furans (PCDD/Fs), triphenylene 
2.3.2 HPLC and GC instrumentation 
Separations were performed on an HPLC system composed of three high pressure pumps 
(Pro Star 410, Varian, Palo Alto, CA, USA), an autosampler (Pro Star 210, Varian), a frac-
tion collector (fraction collector 701, Varian) and a diode array detector (DAD) system 
(Pro Star PDA detector 330, Varian) operated from 200 nm to 400 nm. Additionally, four 
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six-port valves (I-Valve, ERC, Riemerling, Germany) and one solvent selector valve (Vici 
Valco Instruments, Houston, TX, USA) were used. 
Four types of preparative stainless steel columns were used: (i) nitrophenylpropyl silica 
(NO) (250x21 mm (NOprep) and 250x4 mm (NOana), 5 μm Nucleosil 100-5 NO2, Macherey 
and Nagel, Düren, Germany), (ii) cyanopropyl silica (CN) (250x4 mm (CNana), 250x21 
mm (CNprep1) and 125x21 mm (CNprep2), 5 μm Nucleosil 100-5 CN, Macherey and Nagel), 
(iii) 2-(1-pyrenyl)-ethyldimethylsilylated silica (PYE) (20x10 mm (PYEana), 250x10 mm 
(PYEprep), 5 μm Cosmosil PYE, average pore diameter 120 Å, Nacalai Tesque, Kyoto, Ja-
pan) and (iv) a porous graphitised carbon (PGC) column (Hypersil PGC 50x10 mm, 7 μm, 
Thermo Fisher Scientific, Waltham, MA, USA). A photo of the fractionation system is 
shown in Figure 2.1. 
  
 
Figure 2.1: Photo of the fractionation system. 
GC-MS measurements were performed for recovery experiments and compound identifica-
tion. An Agilent 6890 GC coupled to an Agilent 5973 mass selective detector was 
equipped with a HP5MS fused silica capillary column (31.8 m x 0.25 mm i.d., 0.25 μm) 
and an Agilent 7683 Series Autosampler, all from Agilent Technologies, Santa Clara, CA, 
USA. The carrier gas was helium at a constant flow of 1.3 ml min-1. 1 μl of sample was 
injected in splitless mode at 250°C injector temperature. The oven temperature was as fol-
lows: 60°C to 150°C at 30°C min-1, then 6°C min-1 up to 186°, followed by 4°C min-1 to 
280°C held for 21.5 min. The mass selective detector was operated either in scan mode or 
in selected ion monitoring mode (SIM). 
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2.3.3 Procedures 
2.3.3.1 Retention behaviour of model compounds on individual columns 
To study the structure-dependent retention behaviour on the PGC, NO, CN and PYE col-
umns standard solutions at individual concentrations of 10 mg L-1 to 475 mg L-1 and injec-
tion volumes of 10 μL to 200 μL were separated. The separation on NOana was performed 
isocratically with 1 ml min-1 HX:DCM 95:5. Previous studies suggested a good separation 
of nonpolar PACs with this mixture, which halves retention times compared with pure HX 
[7]. 
The CNana phase was eluted at a flow-rate of 1 ml min
-1 with 100% HX for 8 min followed 
by linear gradients to 10% DCM within 7 min and to 100% DCM within 12 min. After 5 
min elution with 100% DCM and a 2 min linear gradient to 100% ACN, which was then 
held for 5 min, the CN phase was re-equilibrated. The PYEana column was eluted using HX 
at a flow rate of 2 ml min-1 held for 3 min followed by a gradient to 100% DCM within 5 
min. These conditions were held for 10 min followed by re-equilibration. PCBs 28, 101, 
105, 118, 156, 180 and 209 were eluted from PGC with HX at a flow rate of 10 ml min-1. 
To study the retention behaviour of co-planar PCBs and PCDD/Fs on PGC, 500 μL of a 
mixture of coplanar PCBs 77, 81, 126 and 169 with individual concentrations of approx. 
25 mg L-1 and PCDD/Fs (2,3,7,8-tetra-, 1,2,3,7,8-penta-, 1,2,3,6,7,8-hexa-, 1,2,3,4,6,7,8,9-
octachlorodibenzo-p-dioxin, 2,3,7,8-tetrachlorodibenzo-p-furan) with individual concentra-
tions of 0.5 mg L-1 were separated. These compounds were first eluted with 10 ml min-1 
HX for 32 minutes followed by a 4 min gradient to 40% toluene held for 6 min. After 
changing to back-flush mode elution was continued with 100% toluene for 12 min. 
Due to signal interferences caused by toluene at the DAD detector, direct detection of co-
planar PCBs and PCDD/Fs was impossible. Thus, 22 fractions were collected every minute 
starting at 32 min. Each fraction was evaporated to dryness, re-dissolved in 200 μL toluene 
and measured by GC-MS in SIM mode. 
2.3.3.2 Retention behaviour of model compounds on coupled columns 
Connected preparative columns are hyphenated in the following text, for example CN, NO 
and PGC connected in series are described as CN-NO-PGC. This notation is also used for 
indices indicating the applied column system. 
The elution order of PCBs, PCNs and PCDD/Fs on CNprep1-NOprep-PYEprep was determined 
using 20 μL to 200 μL of standard solutions with individual concentrations ranging from 
48 mg L-1 to 104 mg L-1 and HX with a flow rate of 10 ml min-1. The CNprep and NOprep-
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columns were switched off-line after 32 min and 36 min, respectively. A 5 min gradient to 
100% DCM commenced at 36 min followed by elution with 100% DCM for 15 min. The 
same standard solutions and volumes of naphthalene, biphenyl and ortho-chlorinated PCBs 
were separated on CNprep2-NOprep-PGC using HX as mobile phase and a flow rate of 10 ml 
min-1. For the determination of the retention behaviour of PCNs, 200 μL of a 100 mg L-1 
Halowax 1013 mixture was fractionated on CNprep2-NOprep-PGC using the automated frac-
tionation procedure. Fractions were collected, evaporated to dryness, re-dissolved in 200 
μL toluene and analysed using GC-MS in SIM mode. 
The conversion of retention times between preparative (CNprep, NOprep) and analytical col-
umns (CNana, NOana) was based on the linear relationship between retention times deter-
mined on both column systems (r2 ≥ 0.998, data not shown). 
2.3.3.3 Method validation 
Standard deviations of net retention times were calculated from three runs of 2 ml of a 
standard mixture with individual compound concentrations ranging from 2.5 mg L-1 to  
43.7 mg L-1 measured using the automated fractionation procedure. 
Recoveries of standard compounds were determined by fractionation of 100 μL of a 
PCDD/Fs mixture with individual compound concentrations of 1 mg L-1 and 500 μL of 
three mixtures (1: nonpolar PACs, 2: medium polar to polar PACs, and 3: PCBs, PCNs and 
PCDD/Fs) with individual concentrations between 2.5 mg L-1 and 33 mg L-1. Fractions 
were evaporated to dryness and re-dissolved in toluene. To check for peak broadening 
equal volumes of PAH and PCB standard solutions were measured on individual and cou-
pled columns. 
2.3.3.4 Application on sediment extracts 
To test the applicability of the automated fractionation procedure on environmental sam-
ples, three different sediment extracts were fractionated. 
Sediment samples were collected in 2005 in the River Elbe, downstream from the industri-
al region of Pardubice (Czech Republic) and in its tributaries Bílina in Northern Bohemia 
downstream of the city of Most (Czech Republic) and Spittelwasser downstream of the 
industrial area of Bitterfeld (Germany) using an Ekman-Birge-grab. Dried, sieved  
(≤ 63 μm) and homogenised sediment samples were extracted three times using accelerated 
solvent extraction (ASE 300, Dionex Corp., Sunnyvale, CA, USA) at 50°C and 103 bar 
with DCM:acetone 3:1 with 10 min static time. An AMAC procedure using a semi perme-
able membrane and assisted by an ASE device (ASE 200, Dionex Corp.) was used for 
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clean-up [24]. Relatively small analytes are able to permeate the membrane quickly while 
compounds with a higher molecular size like humid acids are either retained or show a 
slow transfer velocity through the membrane. An aliquot of the raw extract equivalent to 
20g of sediment (20g sediment equivalents, SEQ) of the obtained raw extract were dis-
solved in 1 ml DCM and dialysed using a polyethylene-foil bag (80 μm Polymer Synthese 
Werk, Rheinberg, Germany) with 16 cycles (5 min static time) HX:DCM 1:1 followed by 
16 cycles (5 min static time) DCM:acetone 7:3 at 40°C and 35.5 bar. After evaporating the 
extracts to dryness, the residue was weighted and re-dissolved in HX:DCM 9:1 to a final 
concentration of 10 g SEQ ml-1. After fractionation, aliquots of the obtained fractions were 
re-dissolved in toluene to a concentration of 5 g SEQ ml-1 and analysed using GC-MS in 
scan mode. 
2.4 Results and Discussion 
2.4.1 Retention of standard compounds on CN, NO, PGC and PYE 
As shown in Table 2.2, PCBs, PCNs, PCDD/Fs and PAHs elute from the CNana phase ac-
cording to their number of aromatic rings with capacity factors (k) ranging from 0.06 to 
2.23 and were clearly separated from the mononitro-PAHs (3.16≤k≤4.81) and dinitro-
PAHs (k=6.08, 6.46). 
Keto-PAHs, quinones, hydroxyquinones and hydroxy-PAHs elute after mononitro-PAHs 
within a broad retention range. The keto-PAHs (5.01≤k≤7.60) studied elute slightly earlier 
than the quinones (6.11≤k≤8.52), while hydroxy-PAHs and hydroxyquinones elute de-
pending on the position and intramolecular interactions of hydroxyl groups: 1,8,9-
trihydroxyanthracene (k=5.11) elutes prior to the monohydroxy-PAHs (7.28≤k≤8.32). Hy-
droxyquinones with hydroxyl groups next to a keto group elute much earlier (k=5.75, 5.89) 
than 2-hydroxyanthraquinone (k=10.94) with a remote hydroxyl group. Intramolecular 
hydrogen bonds between neighbouring groups (hydroxyl-hydroxyl, hydroxyl-keto) reduce 
interactions with the stationary phase and are thought to be responsible for the observed 
retention behaviour of these compound classes. Dibenz[a,j]acridine and acridine (k=8.75 
and 9.01, respectively) are retained significantly stronger than benzo[h]quinoline (k=6.70) 
possibly due to a lower accessibility of the nitrogen atom. 
2 Automated fractionation procedure 
35 
Table 2.2: Capacity factors (k) of selected polar and nonpolar polyaromatic compounds 
obtained from the analytical cyanopropyl (CNana) column using conditions described 
above. N-PAC: polycyclic aromatic compound containing nitrogen in the aromatic system. 
For compound nomenclature see Table 2.1. 
Compound Compound group k 
1,3,5,7-CN 
PCB 209 
1,2,3,5,6,7-CN 
1,2,3,4,5,6,8-CN 
PCB 194 
PCB 156 
PCB 169 
PCB 81 
PCB 126 
PCB 77 
pyrene 
benzo[k]fluoranthene 
coronene 
9-nitroanthracene 
1-nitronaphthalene 
1-nitropyrene 
6-nitrochrysene 
6-nitrobenz[a]pyrene 
2-nitrofluorene 
3-nitrofluoranthene 
benz[a]fluorene-11-one 
1,8,9-trihydroxyanthracene 
1-hydroxyanthraquinone 
9-fluorenone 
4H-cyclopenta[def]phenanthrene-4-one 
1,8-dihydroxyanthraquinone 
9-anthracenealdehyde 
1,3-dinitropyrene 
anthraquinone 
carbazole 
1,6-dinitropyrene 
1,4-naphthoquinone 
benzo[b]fluorene-11-one 
1,4-chrysenequinone 
benzo[h]quinoline 
3-nitrobenzanthrone 
6H-benzo[cd]pyrene-6-one 
1,4-anthracenedione 
anthanthrone 
5,6-chrysenequinone 
acenaphthoquinone 
9-hydroxyphenanthrene 
phenanthrene-9,10-dione 
4H-cyclopenta[cd]pyren-3[4H]one 
1-naphthol 
1-hydroxypyrene 
3-hydroxybenzo[a]pyrene 
pyrene-1,6-quinone 
dibenz[a,j]acridine 
acridine 
2-hydroxyanthraquinone 
PCN 
PCB 
PCN 
PCN 
PCB 
PCB 
PCB 
PCB 
PCB 
PCB 
PAH 
PAH 
PAH 
nitro-PAH 
nitro-PAH 
nitro-PAH 
nitro-PAH 
nitro-PAH 
nitro-PAH 
nitro-PAH 
keto-PAH 
hydroxy-PAH 
hydroxyquinone 
keto-PAH 
keto-PAH 
hydroxyquinone 
other 
dinitro-PAH 
quinone 
N-PAC 
dinitro-PAH 
quinone 
keto-PAH 
quinone 
N-PAC 
other 
keto-PAH 
quinone 
quinone 
quinone 
quinone 
hydroxy-PAH 
quinone 
keto-PAC 
hydroxy-PAH 
hydroxy-PAH 
hydroxy-PAH 
quinone 
N-PAC 
N-PAC 
hydroxy-PAH 
0.06 
0.08 
0.09 
0.13 
0.20 
0.27 
0.31 
0.33 
0.37 
0.46 
0.92 
1.91 
2.23 
3.16 
3.22 
4.51 
4.56 
4.67 
4.80 
4.81 
5.01 
5.11 
5.75 
5.78 
5.87 
5.89 
6.04 
6.08 
6.11 
6.27 
6.46 
6.53 
6.53 
6.60 
6.70 
6.81 
6.94 
7.02 
7.08 
7.18 
7.25 
7.28 
7.28 
7.60 
7.64 
8.10 
8.32 
8.52 
8.75 
9.01 
10.94 
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In agreement with previous investigations [25], the NOana column provided an excel-
lentseparation of nonpolar PACs in groups according to their number of aromatic carbons 
(Figure 2.2). Whereas retention is only weakly influenced by methyl substituents, the re-
placement of a double bond by a single bond (e.g. acenaphthene instead of acenaph-
thylene) reduces retention times significantly. 
 
Figure 2.2: Capacity factors (k) of 9 chlorinated compounds, 4 methylated and 19 parent 
PAHs determined on the analytical nitrophenyl column and plotted by the size of the aro-
matic system. For compound nomenclature see Table 2.1. 
Chlorinated and non-chlorinated diaromatic compounds were separated on PYEana and 
PGC. On the PYEana column, group separation into ortho-chlorinated PCBs (0.12≤k≤1.16), 
co-planar PCBs (1.39≤k≤2.67) and PCDD/Fs (4.87≤k≤13.44) was achieved using DCM 
and HX as mobile phases, while PCN congeners elute over the whole retention range 
(Figure 2.3). From PGC, biphenyl, naphthalene and ortho-chlorinated diaromatic com-
pounds elute within 1.5 min (data not shown) whereas non-ortho-chlorinated and thus co-
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planar PCBs and PCDD/Fs are retained strongly and do not elute within 32 min using HX 
at a flow rate of 10 ml min-1. Further flushing with HX:toluene 60:40 in forward and 100% 
toluene in back-flush mode allows the subsequent elution of co-planar PCBs and 
PCDD/Fs, respectively (Figure 2.4). PCBs 77 and 81 with four chlorine atoms elute slight-
ly earlier from PGC than PCBs 126 and 169 with five and six chlorine atoms, respectively, 
demonstrating the influence of the degree of chlorination on retention times. 
 
 
Figure 2.3:Capacity factors (k) of naphthalene and 22 chlorinated diaromatic compounds 
determined on 2-(1-pyrenyl)-ethyldimethylsilylated silica. PCBs: Prefixed digit indicates 
the number of chlorine atoms in ortho-position (o-Cl). PCNs: Prefixed digit indicates the 
number of chlorine atoms (Cl). For compound nomenclature see Table 2.1. 
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PCB 81 2,3,7,8-TCDD 1,2,3,6,7,8-HxCDD
PCB 126 2,3,7,8-TCDF OCDD
 
Figure 2.4: Elution of co-planar PCBs and PCDD/Fs from porous graphitised carbon. Frac-
tion collection started after 32 min hexane (HX) using a 4 min gradient to HX:toluene 
40:60 held for 6 min. After switching to back-flush mode PCDD/Fs were eluted with 100% 
toluene. Fractions were collected every minute and analysed by GC-MS in SIM mode. 
Peak areas are normalised on the sum of peak areas obtained from all fractions for the re-
spective compound. For compound nomenclature see Table 2.1. 
2.4.2 Setup of the HPLC system 
As shown in Figure 2.5, solvents are connected to three high pressure pumps either directly 
(HX, toluene) or via a solvent selector valve (DCM, ACN). HX, DCM and ACN are mixed 
directly behind the pumps before reaching the columns, while toluene is pumped into a 
second mixer connected to the PGC column to avoid traces of toluene to be displaced in 
the system. 
Columns are arranged according to their retention properties and are connected via three 
six-port valves, each connected to one column. The flow direction of the mobile phase at 
the PGC column can be reversed by an additional six-port valve. After passing through the 
detector the eluent is collected by the fraction collector suitable for 18 glass bottles and 
volumes up to 270 ml. All elements are controlled by a personal computer. 
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Figure 2.5: Setup of the HPLC system. M: mixing unit, S: solvent selector valve, V1-V4: 
valve 1-4. CN: cyanopropyl, NO: nitrophenyl, PGC: porous graphitised carbon stationary 
phases, DCM: dichloromethane, ACN: acetonitrile. 
2.4.3 Retention of PCBs, PCNs and PCDD/Fs on the coupled column 
system 
In contrast to PYEprep alone, the CNprep1-NOprep-PYEprep coupled column system shows an 
overlap of compound classes: the mono-ortho-chlorinated PCB 105 elutes after co-planar 
PCBs 81 and 169, while PCB 77 elutes after 2,3,7,8-TCDD (Table 2.3). Due to the rela-
tively short retention times of PCBs on PYE their elution order is greatly influenced by the 
preceding CN and NO columns. For example PCB 105 elutes from CNprep1-NOprep after 
30.1 min and from CNprep1-NOprep-PYEprep after 34.8 min whereas PCB 81 elutes after 26.7 
min and 33.4 min, respectively. The retention of PCBs on PYE could not be enhanced by 
varying the mobile phase since the weakest available eluent (HX) was used already. 
Unlike the PYE column co-planar PCBs and PCDD/Fs are strongly retained on PGC and 
are not eluted by HX within 32 min. This allows a clear class separation between non-
chlorinated and non-planar compounds on the one hand and dioxin-like PCBs and 
PCDD/Fs on the other hand. To further reduce the influence of the preceding columns on 
PCB, PCN and PCDD/F retention, the shorter CNprep2 half less long than CNprep1 was em-
ployed in the CN-NO-PGC coupled column system. 
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Table 2.3: Retention times of selected PCBs and PCDD/Fs. CN: cyanopropyl, NO: nitro-
phenyl, PYE: pyrenyl, PGC: porous graphitised carbon columns. For compound nomencla-
ture see Table 2.1. 
tR [min] on Compound                 
   class 
Compound 
CNprep2-NOprep-PGC CNprep1-NOprep-PYE 
PCBs 
chlorinated in  
ortho-position 
 
 
 
 
 
 
Co-planar PCBs 
 
 
 
 
PCDD/Fs 
 
 
 
 
 
 
Non-chlorinated  
compounds 
PCB 209 
PCB 101 
PCB 180 
PCB 194 
PCB 28 
PCB 118 
PCB 156 
PCB 105 
 
PCB 81 
PCB 169 
PCB 126 
PCB 77 
 
2,3,7,8-TCDD 
2,3,7,8-TCDF 
1,2,3,6,7,8-HxCDF 
OCDD 
1,2,3,7,8-PeCDD 
1,2,3,6,7,8-HxCDD 
 
naphthalene 
biphenyl 
14.1 
17.1 
18.0 
19.0 
19.0 
19.4 
22.4 
27.8 
 
elution of compounds 
using HX:toluene 
60:40, 30-40 min  
 
 
elution of compounds 
using 100 % toluene, 
40-55 min 
 
 
 
 
21.6 
24.1 
19.8 
25.6 
25.7 
28.9 
25.7 
29.9 
30.7 
34.8 
 
33.4 
33.4 
36.2 
37.3 
 
35.1 
39.6 
41.8 
51.3 
 
 
 
30.2 
34.2 
 
 
2.4.4 Fractionation procedure 
A scheme of the automated fractionation procedure is shown in Figure 2.6. 
In the first step polar compounds are trapped on CN with HX as mobile phase and a flow 
rate of 10 ml min-1 (Table 2.4), while nonpolar PAHs, S- and O-PACs and chlorinated di-
aromatic hydrocarbons are flushed to the NO and PGC stationary phases. Coronene, the 
PAH with the highest number of aromatic carbons of selected model compounds, elutes 
with tR_CNprep2 = 15.2 min from the CN column followed by 9-nitroanthracene 
(tR_CNprep2 = 18.0 min). To separate PAHs with more than two aromatic rings from the 
more polar PACs such as nitro- and keto-PACs with 9-nitroanthracene as least retained 
compound, the CN column is switched off-line after 16.5 min. Flushing of the NO and 
PGC phases with HX continues (Step 2) and the remaining chlorinated diaromatic com-
pounds elute from NO to the PGC column. Since PCB 77 showed the strongest retention of 
chlorinated diaromatic compounds on CNprep2-NOprep (tR_CNprep2-NOprep = 27.2 min) and 
acenaphthylene, the nonpolar PAC with the smallest aromatic system that should be 
trapped on NOprep, elutes with tR_CNprep2-NOprep = 31.4 min, the NO column is switched 
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off-line after 30 min. Steps 3 to 6 are designed for sequential fractionated elution from 
each of the columns starting with the separation of chlorinated diaromatic compounds on 
PGC in forward (Step 3) and back-flush mode (Step 4) using HX and toluene as mobile 
phases. The NOprep phase is then eluted with HX:DCM 95:5 and a flow rate of 20 ml min
-1 
(Step 5). This higher flow rate can be applied due to lower back pressure compared with 
the CN-NO-PGC coupled column system. In Step 6 the CNprep column is eluted with HX, 
DCM and ACN at a flow rate of 20 ml min-1. As the solvent selector valve chooses be-
tween DCM and ACN, no gradient can be applied when switching between these two sol-
vents. After elution of compounds from CNprep2, the columns are re-equilibrated for the 
next run (Step 7). As porous graphitised carbon has a high adsorption efficiency, it has to 
be purged adequately with DCM and ACN after use to avoid carry-over of compounds. 
 
 
Figure 2.6: Scheme of the automated on-line fractionation procedure on three connected 
HPLC-columns using valves (V) V1-V3 for column switching and V4 for switching be-
tween forward and back-flush mode. Steps 1 to 6 are described in Table 2.4 and in the text.
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Table 2.4: Stationary phases, solvent compositions, flow-rates (F) and column switching times of the automated on-line fractionation proce-
dure. BF: back-flush mode, HX: hexane, DCM: dichloromethane, ACN: acetonitrile, CN: cyanopropyl, NO: nitrophenyl, PGC: porous graphi-
tised carbon stationary phases, X=applied, - =not applied. 
Applied columns Step Time 
[min] 
      from               to 
HX 
[%] 
DCM 
[%] 
ACN 
[%] 
Toluene 
[%] 
F 
[ml min
-1
] CNprep2 NOprep PGCprep 
Description 
1 0:00 –  16:30 100 - - - 10 X X X analytes are retained on CN or flushed towards NO and/or 
PGC 
2 16:31 –  30:00 100 - - - 10 - X X analytes are retained on NO or flushed towards PGC 
3 30:01 –  34:00 60 - - 40 10 - - X gradient to 60:40 HX:toluene, compound elution from PGC  
 34:01 –  40:00 60 - - 40 10 - - X compound elution from PGC with HX/toluene 60:40 
40:01 –  55:00 - - - 100 10 - - X (BF) compound elution from PGC with 100 % toluene in back-
flush mode 
4 
55:01 –  67:00 Solvent exchange to HX. Capillaries are flushed properly with DCM and HX to avoid displacement of toluene in the system.  
5 67:01 –  120:00 95 5 - - 20 - X - compound elution from NO with HX:DCM 95:5 
 120:01 –  121:00 100 - - - 20 - X - solvent exchange to 100% HX 
6 121:01 –  126:00 95 5 - - 20 X - - gradient to HX:DCM 95:5, compound elution from CN 
126:01 –  134:30 - 100 - - 20 X - - gradient to 100% DCM, compound elution from CN 
134:31 –  138:00 - 100 - - 20 X - - compound elution from CN with 100% DCM 
 
138:01 – 143:00 - - 100 - 20 X - - compound elution from CN with 100% ACN 
7 143:01 –  230:00 Subsequent flushing and re-equilibration of stationary phases 
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As shown in Table 2.5, none of the model compounds was identified in the first fraction. 
The following four fractionation windows were set according to Table 2.3: Ortho-
chlorinated PCBs are eluted in fractions 2 and 3 whereas dioxin-like PCBs and PCDD/Fs 
appear in fractions 4 and 5, respectively. Fraction 3 also contains some PCNs with 3 chlo-
rine atoms, while PCNs with 3 to 6 chlorine atoms elute in fraction 4. PCNs with 6 or more 
chlorine atoms were detected in fraction 5. PAHs with increasing numbers of aromatic 
carbons occur in fractions 7 to 12. Sulphur- and oxygen-containing heterocyclic PACs as 
thiophenes and furans co-elute in these fractions [7]. The window for fraction 13 was set 
according to the elution of mononitro-PAHs, whereas windows 14-16 each of 3 to 4 min 
length, were set tentatively depending on the number of eluting model compounds. Strong-
ly retained compounds as 2-hydroxyanthraquinone appear in fractions 17 and 18. 
 
Table 2.5: Fractionation windows and associated substance classes. Characterising com-
pounds are given in brackets. F: fraction, Cl: chlorine atoms. For compound nomenclature 
see Table 2.1. 
 
F Time 
 [min:sec] 
Compound classes 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 0 -12:00 
-17:00 
-30:00 
-40:00 
-65:00 
-70:30 
-74:30 
-79:00 
-86:00 
-96:00 
-109:00 
-121:00 
-127:00 
-131:00 
-134:00 
-138:00 
-145:00 
-151:30 
no model compound identified 
PCBs, eluting in order of chlorination in ortho-position and chlorination degree, PCNs 
with 3 Cl 
co-planar PCBs without chlorination in ortho-position, PCNs with 3 to 6 Cl 
PCDDs/Fs, PCNs with ≥ 6 Cl 
small PAHs such as acenaphthylene with more than two aromatic rings 
PAHs with three aromatic rings (anthracene) 
PAHs with four aromatic rings (pyrene) 
PAHs with four aromatic rings (chrysene) 
PAHs with five aromatic rings (benzo[a]pyrene) 
PAHs with six aromatic rings (indeno[1,2,3-cd]pyrene) 
PAHs with seven aromatic rings (coronene) 
mainly mononitro-PAHs 
 
(hydroxy-)quinones, keto-, dinitro-, hydroxy-PAHs,          
N-heterocycles with rising polarity 
 
2-hydroxyanthraquinone  
most polar compounds 
 
2.4.5 Evaluation of the automated on-line fractionation procedure 
For the evaluation of the described method the influence of coupled HPLC columns on 
peakwidths, the reproducibility of retention times and recoveries of selected model com-
pounds were determined. 
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All model compounds were detected in the expected fractions (Table 2.6). 44 of 47 com-
pounds were detected in only one fraction or to a very minor degree (< 0.5%) in a second 
fraction. Two analytes were split between two fractions: PCB 101 (29% and 45% in frac-
tions 2 and 3, respectively) and 1-hydroxypyrene (fractions 16 and 17, not quantified). Fur-
thermore, 2.9% of PCB 105 was found in fraction 4 additionally to fraction 3 (85%). 
 
Table 2.6: Retention times, relative standard deviations of net retention times (tR_net) of 
three re-runs and recoveries (rec) of selected model compounds. F: fraction. For compound 
nomenclature see Table 2.1. 
F Compound tR 
[min] 
RSD 
tR_net 
[%] 
rec 
[%] 
2 
 
3 
 
 
 
 
 
 
 
 
4 
 
 
 
 
5 
 
 
 
 
 
 
 
 
 
 
6 
7 
PCB 209 
PCB 101 
PCB 101 
PCB 180 
PCB 28 
PCB 118 
naphthalene 
biphenyl 
PCB 194 
PCB 156 
PCB 105  
PCB105 
PCB 77 
PCB 81 
PCB 169 
1,3,5,7-CN 
1,2,3,4,5,6,7-CN 
2,3,7,8-TCDF 
2,3,7,8-TCDD 
1,2,3,7,8-PeCDF 
1,2,3,7,8-PeCDD 
1,2,3,6,7,8-HxCDF 
1,2,3,6,7,8-HxCDD 
1,2,3,4,6,7,8-HpCDF 
1,2,3,4,6,7,8-HpCDD 
OCDF 
OCDD 
acenaphthylene 
anthracene 
14.1 
17.1 
17.1 
18.0 
19.0 
19.4 
21.6 
24.1 
19.0 
22.4 
27.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
68.2 
72.5 
0.2 
3.5 
3.5 
 
2.5 
2.3 
3.3 
3.6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.9 
0.2 
96 
*29 
*45 
 
103 
 
 
 
103 
 
*85 
*2.9 
102 
85 
104 
84 
78 
63 
61 
66 
67 
70 
71 
77 
72 
72 
58 
53 
73 
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Table 2.6 continued. 
F Compound tR 
[min] 
RSD 
tR_net 
[%] 
rec 
[%] 
8 
 
 
9 
 
10 
 
 
 
11 
12 
13 
 
14 
 
 
15 
16 
 
17 
 
fluoranthene 
pyrene 
benzo[b]naphtho[2,1-d]thiophene 
2,2-naphthalenylbenzothiophene 
benz[a]anthracene 
benzo[k]fluoranthene 
benzo[a]pyrene 
benzo[e]pyrene 
perylene 
indeno[1,2,3-cd]pyrene 
coronene 
9-nitroanthracene 
1-nitropyrene 
anthraquinone 
4H-cyclopenta[def]phenanthrene-4-one 
carbazole 
4H-cyclopenta[cd]pyrene-3[4H]-one 
dibenz[a,j]acridine 
1-hydroxypyrene 
1-hydroxypyrene 
2-hydroxyanthraquinone 
 
75.6 
 
 
81.5 
88.4 
 
 
 
100.6 
114.2 
122.6 
 
129.2 
 
 
133.3 
135.3 
 
 
140.3 
 
0.6 
 
 
1.3 
2.0 
 
 
 
2.3 
2.1 
0.8 
 
0.3 
 
 
0.1 
0.2 
 
 
< 0.1 
69 
66 
86 
99 
94 
 
101 
101 
87 
83 
64 
71 
51 
94 
96 
92 
40 
65 
 
*PCB 101 occurs in fractions 2 and 3 
 
Recoveries of PCBs ranged from 74% for PCB 101 and 104% for PCB 169. These values 
were comparable to those reported for 12 ortho- and non-ortho chlorinated PCBs (78% to 
118%) also separated on activated carbon [26]. Although dibenzo-p-dioxins and furans 
showed lower recoveries between 58% for OCDD and 77% for 1,2,3,4,6,7,8-HpCDF this 
is in the range determined for 14 PCDD/Fs after fractionation on a similar PGC column 
[21, 27]. Recoveries for PAHs with less than 5 aromatic rings ranged between 53% for 
acenaphthylene and 94% for benz[a]anthracene. Analyte losses may be caused by solvent 
evaporation to dryness with nitrogen. For PAHs with 5 and 6 aromatic rings and S-PACs 
recoveries of 83% to 101% were excellent whereas a lower recovery was observed for cor-
onene (64%). Recoveries of medium polar to polar PACs ranged between 40% for 4H-
cyclopenta[cd]pyrene-3(4H)-one and 96% for 4H-cyclopenta[def]phenanthrene-4-one. 
Polar PACs may adsorb to glass surfaces due to interactions between their functional 
groups and the silanol-groups of the glass surface [28], resulting in losses during sample 
treatment. 
2 Automated fractionation procedure 
46 
Furthermore, quantification of more polar compounds was partly hindered due to distinc-
tive tailing of peaks analysed using GC-MS. Although some improvement to polar and 
volatile compounds could be advantageous, recoveries were satisfying. 
The standard deviations of net retention times (defined as retention time corrected by the 
time the column is off-line) depend on the number of passed columns prior to elution. The 
highest net standard deviation up to 3.6% was for biphenyl eluting at the beginning of the 
fractionation procedure. PAHs show lower net standard deviations of 0.2% to 2.9% while 
net standard deviations of less than 0.1% to 0.8% were observed for PACs eluting in frac-
tions 13-17 indicating excellent reproducibility of retention times. 
Peak broadening due to the retention of standard compounds on two or more columns 
wasexamined by comparing peak widths at half peak heights measured using the described 
fractionation method with peak widths determined on individual columns. Peak broadening 
by factors of 2.2 and 2.5 relative to peak widths determined on PGC was most obvious for 
PCB 209 and PCB 101, respectively, which are weakly retained on all stationary phases. 
Phenanthrene and chrysene peaks are 1.8 and 1.3 times broader than peaks measured on 
the individual NOprep column, respectively, whereas the peak determined for ben-
zo[a]pyrene was slightly narrower (factor 0.9). As the CN stationary phase is the first col-
umn in the column arrangement no peak broadening is observed. 
2.4.6 Fractionation of sediment extracts 
To prove the applicability of the fractionation method on sediment samples sediment ex-
tracts from three different sampling locations (Most (M), Pardubice (P), Bitterfeld (B)) 
were fractionated and the obtained fractions were analysed using GC-MS in scan mode. 
Sediment extracts equivalent to 30g (M, P) and 35g (S) sediment were fractionated (Table 
2.7). To determine the total recovery, the mass of the solid residue of the cleaned-up ex-
tract was compared with the sum of the masses of solid residues of all fractions and the 
non-dissolvable residue of the dialysed extract. 
About 0.3% of the original sediment mass remained in the cleaned-up extract. 15% to 49% 
of this residue was insoluble and therefore not injected into the HPLC system. Since the 
GC-MS chromatogram shows a big sulphur hump and only a small number of other very 
minor peaks this residue mainly consists of sulphur. Mass recoveries ranged between 97% 
and 110%. 
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Table 2.7: Masses and mass recoveries of samples, cleaned-up extracts and residues. Re-
coveries are calculated as the sum of non-dissolvable residues and residues of fractions 1-
18 expressed as percentage of the mass of the cleaned-up extract. 
Sediment sample  
M P B 
original sediment sample 
 
residue of sediment extract 
non-dissolvable residue 
residues of fractions 1-18 
 
recovery 
30 g 
 
95 mg 
32 mg 
70 mg 
 
107 % 
30 g 
 
102 mg 
16 mg 
97 mg 
 
110 % 
35 g 
 
103 mg 
50 mg 
49 mg 
 
97 % 
 
 
All fractions were analysed by GC-MS in scan mode. Fractions 1 and 2 show highly 
complex chromatograms while far fewer peaks were observed for fractions 3 and 4. 
Alkanes appear mainly in the first fraction, to a lesser extend in fractions 2 to 4 although 
significant quantities of alkanes were detected in fraction 6 of sediment P, which showed 
the highest humps of unresolved compounds. These compounds were not eluted 
completely from (CN-)NO-PGC in steps 1 and 2 of the fractionation procedure and 
therefore continue to elute in step 5. 
Alkylated monoaromatic substances are found mainly in fractions 2 and 3 while sulphur 
elutes exclusively in fraction 2. In the chromatograms of fractions 6 to 12 (except fraction 
6 of sediment P) almost exclusively nonpolar PACs were identified. Epoxides and aliphatic 
aldehydes, dienes and ketones were observed mainly in fractions 13 and 14. Fraction 14 
shows the most complex chromatogram of fractions 13-18, although many compounds 
were also detected in fractions 13 and 15. Fewer peaks were detected in fraction 16 and 17, 
while no major peak was observed in fraction 18. These findings agree with the masses of 
residues determined for these fractions (Figure 2.7). The relatively high compound mass in 
fraction 4 may be caused by polyethylene-residues originating from AMAC bags, as ob-
served in previous experiments with standard compounds. 
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Figure 2.7: Mass of residues in fractions obtained from three sediment samples; expressed 
as mg solid residue per g sediment equivalent (SEQ). 
Because many toxic substances like PCBs, PCNs and PCDD/Fs occur only in trace con-
centrations in environmental samples, these are difficult to identify in the cleaned extract. 
The separation of alkanes and sulphur, appearing mainly in fractions 1 and 2, simplifies 
detection of low-concentrated analytes in other fractions. Some of the model compounds 
used for method development were identified tentatively in fractions of sediment samples 
M, P and B (Table 2.8). Among other substances, chlorinated mono- and diaromatic com-
pounds were detected in fractions 2 to 5, while PAHs and their methylated derivatives, as 
well as O- and S-PACs eluted in fractions 6 to 12. Anthraquinone, a set of keto-PAHs and 
N-PACs were detected in fractions 13 to 18. Nevertheless, a lot of compounds remained 
unidentified especially in fractions 13 to 16. Concentrations of 15 of the 16 EPA-PAHs 
(naphthalene was not quantified due to losses during sample preparation) ranged between 
9.8 μg g-1 SEQ and 11.5 μg g-1SEQ equal to loadings of about 340 μg of these PAHs per 
run. No breakthrough of compounds was observed when extracts equal to 35g of sediment 
were fractionated suggesting an even higher column capacity. 
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Table 2.8: Compounds tentatively identified in fractions obtained from three sediment ex-
tracts. F: fraction. 
F Compound M P B 
2 
 
3 
 
4 
5 
6 
 
7 
 
 
 
 
8 
 
 
 
 
9 
 
 
 
 
10 
 
 
 
11 
 
14 
 
 
 
 
15 
tetra-, pentachlorobenzene 
hexachlorobiphenyl 
hexachlorobenzene 
penta-, hexachlorobiphenyl 
tetra-, pentachloronaphthalene 
hexa-, heptachloronaphthalene 
fluorene, methylated fluorene 
dibenzothiophene 
phenanthrene, methylated phenanthrene 
anthracene, methylated anthracene 
4H-cyclopenta[def]phenanthrene 
benzonapthofuran 
dibenzothiophene, methylated dibenzothiophene 
fluoranthene, methylated fluoranthene 
pyrene, methylated pyrene 
11H-benzo[a]fluorene 
benzonaphthofuran 
benzonaphthothiophene 
benz[a]anthracene, methylated benz[a]anthracene 
chrysene, methylated chrysene 
cyclopenta[cd]pyrene 
2,2-naphthalenylbenzothiophene 
dinaphthofuran 
benzofluoranthene 
benzo[e]pyrene 
benzo[a]pyrene 
perylene 
indeno[1,2,3-cd]pyrene 
benzo[ghi]perylene 
anthraquinone 
9H-fluorene-9-one 
cyclopenta[def]phenanthrone 
11H-benzo[a]fluorene-11-one 
carbazole 
benzanthrone 
benzocarbazole 
benzoacridine 
 
 
 
x 
 
 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
 
x 
x 
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x 
x 
x 
x 
x 
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x 
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x 
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x 
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x 
x 
x 
x 
x 
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Standard deviations of retention times of nine major peaks observed in the UV DAD 
chromatogram of four replicate fractionations of sediment sample P were below 3% (Table 
2.9). 
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Table 2.9: Standard deviations of retention times of major peaks observed in the chromato-
gram of sample P (n=4). For description of sample P see text. CN: cyanopropyl, NO: ni-
trophenyl, PGC: porous graphitised carbon. 
Peak 
no. 
tR 
[min] 
RSD 
[%] 
Applied 
column(s) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
14.5 
71.9 
75.6 
80.4 
87.0 
97.8 
129.8 
132.0 
140.4 
2.9 
0.4 
1.0 
1.3 
1.8 
2.4 
1.0 
0.6 
< 0.01 
CNprep2-NOprep-PGC 
NOprep 
NOprep 
NOprep 
NOprep 
NOprep 
CNprep2 
CNprep2 
CNprep2 
 
 
Standard deviation for the first peak (Figure 2.8) eluting at 14.5 min from CNprep2-NOprep-
PGC was 2.9%. Nonpolar PACs (peaks 2 to 6) eluting between 71.9 min and 97.8 min 
showed standard deviations of 0.4% to 2.4% whereas for the more polar PACs eluting be-
tween 129.8 min and 140.4 min (peaks 7 to 9) standard deviations of <0.01 to 1.0% were 
observed. These findings are consistent with the measurements made using standard com-
pounds. 
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Figure 2.8: Typical HPLC chromatogram obtained using the automated fractionation pro-
cedure. Fractions 1-18 are separated by dotted lines. Peak 1 exhibits 1.15 V. Elution with 
toluene causes a maximum signal in fractions 4 and 5. 
2.5 Conclusions 
An automated fractionation procedure is presented that clearly enhances the group specific 
separation of sediment-borne PACs due to the optimal exploitation of different physico-
chemical properties to achieve good separation, high resolution, reproducibility and 
throughput while minimising losses and artefact formation. This method is suggested as a 
standard initial fractionation procedure for effect-directed analysis of sediment extracts 
particularly for endpoints, for which PACs play a major role, including mutagenicity [25], 
aryl hydrocarbon receptor-mediated effects [2] and tumour promotion [29]. It can be used 
routinely in other laboratories possessing the necessary equipment. For other solid material 
such as soil and air particulate matter the method is not validated so far. However, there are 
good reasons to assume that this fractionation procedure should be a valuable tool for these 
matrices as well. 
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3 EDA of contaminated sediments from the Rivers 
Elbe and Danube basins including mutagenic, tumor 
promoting, endocrine disrupting and cytotoxic 
effects 
Sediment samples of the River Elbe basin were collected in 2005 and 2006 using an Ek-
man-Birge-grab. Sediment samples from Bitterfeld used in Chapters 2, 3.1, and 3.2 were 
taken in two different sampling campaigns at different sampling sites of the Spittelwasser. 
Sampling sites were chosen according to known sources of contamination, to the availabil-
ity of sediment and their accessibility. In the following studies AMAC with mixtures of 
hexane, dichloromethane and acetone as solvents and GPC with dichloromethane were 
used for clean-up of sediment extracts. To ensure a proper extraction and clean-up of sed-
iment samples several preliminary tests were carried out using spiked sea sand and sedi-
ment samples for extraction by ASE and spiked sediment extracts and standard mixtures 
for GPC and AMAC with a variety of model compounds, solvents, and sample amounts 
(data not shown).  
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3.1 Polar compounds dominate in vitro effects 
of sediment extracts 
3.1.1 Abstract 
Sediment extracts from three polluted sites of the River Elbe basin were fractionated using 
a novel on-line fractionation procedure. Resulting fractions were screened for mutagenic, 
aryl hydrocarbon (AhR)-mediated, transthyretin (TTR)-binding and estrogenic activities 
and their potency to inhibit gap junctional intercellular communication (GJIC) to compare 
toxicity patterns and identify priority fractions. Additionally, more than 200 compounds 
and compound classes were identified using GC-MS/MS, LC-MS/MS and HPLC-DAD 
methods. For all investigated endpoints major activities were found in polar fractions, 
which are defined here as fractions containing dominantly compounds with at least one 
polar functional group. Nonpolar PAH fractions contributed to mutagenic and AhR-
mediated activities while inhibition of GJIC and estrogenic and TTR-binding activities 
were exclusively observed in the polar fractions. Known mutagens in polar fractions in-
cluded nitro- and dinitro-PAHs, azaarenes and keto-PAHs, while parent and monomethyl-
ated PAHs like benzo[a]pyrene and benzofluoranthenes were identified in nonpolar frac-
tions. Additionally, for one sample high AhR-mediated activities were determined in one 
fraction characterised by PCDD/Fs, PCBs and PCNs. Estrone, 17β-estradiol, 9H-
benz[de]anthracene-7-one and 4-nonylphenol were identified as possible estrogenic and 
TTR-binding compounds. Thus, not only nonpolar compounds like PAHs, PCBs and 
PCDD/Fs but also the less characterised and investigated more polar substances should be 
considered as potent mutagenic, estrogenic, AhR-inducing, TTR-binding and GJIC-
inhibiting components for future studies. 
3.1.2 Introduction 
Contaminated sediments may exhibit a number of hazardous effects. Some of them are in 
the focus of environmental research already for decades such as mutagenicity and aryl hy-
drocarbon receptor (AhR) mediated effects, which may result in developmental and repro-
ductive toxicity and carcinogenicity. Others were considered only more recently in the 
assessment of individual toxicants and environmental samples such as estrogenicity [1], 
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changes in thyroid hormone metabolism by competition with thyroxine for transthyretin 
(TTR)-binding [2], and the inhibition of gap junctional intercellular communication (GJIC) 
that is believed to be an important step in tumor promotion and thus carcinogenesis [3, 4]. 
Classical target analysis often fails to identify the compounds causing these effects due to 
the enormous number of compounds accumulated in sediments and a lack of knowledge on 
their toxicological properties [5]. Combining high-throughput in vitro bioassays with frac-
tionation techniques helps to associate effects to groups of contaminants with similar phys-
ico-chemical properties and thus to prioritise individual fractions for subsequent effect 
directed analysis (EDA). 
Recently, based on a previous off-line normal-phase (NP) high performance liquid chroma-
tography (HPLC) approach for sequential multi-step fractionation of sediment extracts [6], 
an improved and on-line fractionation procedure was developed that allows the class sepa-
ration of major sediment-associated toxicants in one run combining three automatically 
switched normal phase columns including cyanopropyl (CN), nitrophenyl (NO) and porous 
graphitised carbon (PGC) [7]. The system was designed to provide 18 fractions co-eluting 
with major halogenated aromatic compound classes such as PCBs, PCNs and PCDD/Fs 
with increasing planarity and degree of chlorination, PAHs with increasing numbers of 
aromatic carbon atoms and several more polar compound groups including nitro-PAHs, 
azaarenes and PAH-quinones. Nonpolar compounds as defined in this study include hydro-
carbons and halogenated hydrocarbons. Compounds with polar functional groups (e.g. ke-
to-, hydroxy-, thiol-, nitro-, and amino-groups) are defined as polar compounds. For the 
first time, combining an automated fractionation procedure with a battery of in vitro bioas-
says allowed the screening of sediment extracts from several sites for fraction-specific ad-
verse effects applying a broad range of toxicological endpoints. 
The present study aimed (1) to test this novel effect-directed fractionation procedure for its 
suitability to characterise sediment contaminations, (2) to identify and compare endpoint-
specific toxicity patterns from different contaminated sites, (3) to identify priority fractions 
for future research and (4) to draw first conclusions on compound groups that may be re-
sponsible for the observed effects. The study was based on a battery of bioassays covering 
five toxicological endpoints. The applied bioassays include testing for mutagenicity using 
the Ames fluctuation assay [8, 9] with tester strains TA98 and TA100 with and without 
metabolic activation, AhR-mediated activity applying the DR-CALUX assay [10], deter-
mination of estrogenic activity by ER-CALUX [11], thyroid hormone transport disturbing 
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potency applying the transthyretin (TTR)-binding assay based on human TTR [2], and in-
hibition of GJIC using rat epithelial WB-F344 cells [3]. Sediments from three sampling 
sites at industrial hot spots in the Elbe River basin were selected including the Elbe River 
in (1) Přelouč (P) downstream of the industrial area of Pardubice, Czech Republic, (2) the 
tributary Bílina downstream of the industrial area of Litvínov and Most (M), Czech Repub-
lic and (3) the creek Spittelwasser downstream of Bitterfeld (B), Germany, one of the most 
important industrial areas of the German part of the Elbe basin. 
3.1.3 Experimental 
3.1.3.1 Sample preparation 
Sediments were extracted, cleaned-up and fractionated as described in Chapter 2. Resid-
ual water was removed by Na2SO4. Sediments intended for the TTR-binding assay were 
extracted using a slightly modified two step extraction procedure: (1) hex-
ane:dichloromethane (HX:DCM) 1:1 (v:v), 80 °C, (2) toluene, 140°C, each with 3 cycles at 
10 minutes static extraction time and 103 bar. After exchanging the solvent to DCM, ex-
tracts were purified with gelpermeation chromatography (Biobeads SX3, Bio Rad, Munich, 
Germany). All extracts were evaporated to dryness and redissolved in HX:DCM 9:1. Re-
constituted extracts were prepared combining equal amounts of each fraction of a sample. 
3.1.3.2 Bioassays 
Ames test. Samples were screened for mutagenic effects using a liquid microplate version 
of the Ames assay using tester strains TA100 [9] and TA98 [8]. Samples were dosed in 
DMSO to tester strains TA98 (max. 2% DMSO) and TA100 (max. 4% DMSO) with and 
without metabolic activation by S9 with a minimum of three replicates per sample. Cul-
tures of TA98 and TA100 were grown overnight in a rich growth medium and the bacterial 
density was adjusted to a fixed value. After exposing the bacterial cultures to the test sam-
ple for 1.5 h in low-histidine exposure medium in 24-well plates, the suspensions were 
diluted with histidine-free indicator medium and the content of each well of a 24-well plate 
was distributed in 50 l aliquots into 48 wells of a 384-well microtiter plate. The 384-well 
plates were incubated at 37°C for 48 h. Positive controls (2-nitrofluorene (TA98-S9), 4-
nitroquinoline-N-oxide (TA100-S9), 2-aminoanthracene (TA98/100+S9)) were run in four 
replicates, negative controls (DMSO) in eight replicates. Concentrations are given as final 
assay concentrations in the 24-well plates. Samples were considered mutagenic if the num-
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ber of positive wells was higher than the baseline (BL). BL=MVK- + 2SDK-. MV: arithme-
tic mean of positive wells of three replicates, SD: standard deviation, K-: mean value of 
positive wells of negative control. Mutagenic effects are expressed as number of positive 
wells (max. 48) or as number of revertants calculated from the initial slope of the linear 
part of the concentration-response curve. If a concentration-response was recorded, at least 
one non-mutagenic dilution was determined to indicate the highest non-mutagenic concen-
tration.  
DR-CALUX. The AhR-mediated activity was determined in DR-CALUX bioassay, using 
rat hepatoma H4IIE cells stably transfected with a luciferase reporter gene under the con-
trol of dioxin responsive element (H4IIEGud.Luc1.1, DR-CALUX, BioDetection Systems, 
Amsterdam, The Netherlands) [10, 12]. Cells were seeded in 96-well cell culture plates, 
grown 24 h to 90%–100% confluence and exposed to samples or reference compounds 
dissolved in DMSO (maximum DMSO concentration 0.5%, v/v) for 24 h. The medium 
was removed, cells were washed with PBS and luciferase was extracted with low salt lysis 
buffer (10mM Tris, 2mM DTT, 2mM 1,2-diamin cyclic hexane N,N,N’,N’-tetraacetic acid, 
pH 7.8). After the plates were frozen at −80°C, the luciferase expression was measured on 
a microplate luminometer using the Luciferase Monitoring Kit (Labsystems, Helsinki, Fin-
land). AhR-mediated activities derived from concentration-response curves with concen-
trations ranging from 0.1 mg SEQ ml-1 to 10 mg SEQ ml-1 are reported as percentage of the 
maximal induction of luciferase activity after exposure to 100 pM 2,3,7,8-TCDD or as tox-
icity equivalents (TCDD-EQs). Concentrations of TCDD-EQs in ng TCDD g SEQ-1 were 
determined by comparing the mass of sediment equivalents required to cause a specific 
response to the mass of TCDD required to cause the same response. 
ER-CALUX. The ER-mediated activity was determined in human breast carcinoma 
T47D.Luc cell line stably transfected with pEREtata-Luc reporter gene (ER-CALUX as-
say, BioDetection Systems) [11]. The assay was performed in 96-well plates. After cells 
were incubated for 24 h in phenol red-free DMEM/F12 medium containing dex-
tran/charcoal-stripped fetal bovine serum, the medium was replaced by a fresh one and 
cells were incubated for another 24 h. Following exposure, cells were lysed and luciferase 
activity was determined with a luciferase kit as described for the H4IIE.Luc cells. Estro-
genic effects are calculated as percentage of the maximal induction of luciferase activity 
after exposure to 15 pM β-estradiol.  
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Inhibition of GJIC. In vitro inhibition of GJIC is associated strongly with tumor promo-
tion. Potencies of sample fractions to inhibit GJIC were measured in rat epithelial WB-
F344 cells by scrape loading/dye transfer assay [3]. WB-F344 rat liver epithelial cells were 
cultured in modified Eagle’s Minimum Essential Medium (Sigma-Aldrich, Prague, Czech 
Republic), supplemented with pyruvate (110 mg/l), 10 mM HEPES, and 5% fetal bovine 
serum (Sigma-Aldrich, Prague, Czech Republic). Confluent cells, grown in 24-well plates, 
were exposed to samples or solvent (DMSO, 0.1%, v/v) for 60 min. Inhibition potencies 
were determined by scrape loading/dye transfer assay. After exposing and washing the 
cells twice with phosphate-buffered saline solution, fluorescent dye was added (lucifer 
yellow, 0.05% w/v), and the cells were scraped using a surgical steel blade. After 2 min of 
dye diffusion between the adjacent cells via gap junctions, the cells were washed and fixed 
with 4% (v/v) formaldehyde. The migration of the dye from the scrape line was measured 
with an epifluorescence microscope (Nikon, Japan). Data is presented relating to the GJIC 
inhibition of the negative control. 
TTR-binding assay. Thyroid hormone disturbing potencies were determined in the nor-
mal phase fractions of Most and Přelouč sediment extracts. The TTR-binding assay has 
been described in detail earlier [2, 13] and is modified from a method first described by 
Somack and co-workers [14]. Before use, the 125I-labeled T4 (T4*, L-3’-5’-125I-Thyroxine, 
95%, PerkinElmer Life and Analytical Sciences, Waltham, USA; 4400 Ci/mmol; ~100,000 
cpm, ~ 30pM) was cleaned up to minimise the level of free 125I in the solution, which oth-
erwise leads to an overestimation of free T4* levels in the test system [15]. The incubation 
mixture, consisting of human TTR (Sigma-Aldrich, Deisenhofen, Germany; 30 nM), Tris-
HCl buffer (pH 8.0; 0.1 M NaCl, 0.1 mM EDTA) with a 55 nM mixture of T4* and unla-
beled T4 (Sigma-Aldrich) and 0.015 g SEQ ml-1 to 1.5g SEQ ml-1 of the sample fractions 
were incubated overnight at 4ºC in a final volume of 200 μl. Unlabeled T4 (4-1024 nM) 
was used as a reference compound. After incubation, TTR-bound and free T4* were sepa-
rated on 1 g Biogel P-6PG (Bio-Rad Laboratories, Hercules, USA) columns and spin 
forced with additional 200 μl Tris-HCl buffer (1 min, 1000 rpm). The TTR-bound T4* 
containing eluate was counted for radioactivity on a gamma counter (LKB Wallack 1282 
Compu-gamma CS, Turku, Finland) and corrected for the initial amount of T4* counted in 
the incubation mixture before incubation. The competing potency of thyroid hormone dis-
turbing compounds in the extracts is reported as relative T4 equivalents  
(pmol T4 EQ g SEQ-1). 
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3.1.3.3 Analytical procedures 
Three analytical approaches were applied to chemically characterise the fractions with a 
focus on qualitative and (semi-)quantitative screening analysis.  
GC-MS. Gas chromatography with mass selective detection was used to screen for va-
porable components after solvent exchange to toluene. Analysis were carried out with a gas 
chromatograph (GC, Agilent 6890, Agilent Technologies, Santa Clara, CA, USA) coupled 
to a mass selective detector (MS, Agilent 5973) and an autosampler (Agilent Series 7683). 
The GC was equipped with a HP5MS fused silica capillary column (30 m x 0.25 mm i.d., 
0.25 μm, Agilent). Helium was used as carrier gas at a constant flow rate of 1.3 ml min-1. 
Sample aliquots of 1 μl were injected in splitless mode at 250°C injector temperature. The 
oven temperature was increased from 50°C to 300°C with a rate of 4°C min-1 and held for 
6.5 min. The mass range scanned was 100 u to 500 u using electron impact ionisation at  
70 eV. For some analysis a procedure described elsewhere [16] using a mass range from 25 
u to 550 u or slightly modified procedures were used.  
LC-MS/MS. LC-MS/MS analysis was carried out on an Agilent 1200 HPLC system 
equipped with a triple quadrupole mass spectrometer (TripleQuad 6410, Agilent). Separa-
tions were performed using reversed phase HPLC columns (Supelcosil LC-PAH, 150 mm 
x 3 mm, 5 μm, Supelco, Bellefonte, PA, USA; ZORBAX Eclipse Plus C18, 150mm x 2.1 
mm, 3.5 mm, Agilent). For ionisation of nitro- and dinitro-derivatives of PAHs an atmos-
pheric pressure chemical ionisation (APCI) ion source operated in the negative ion mode 
was used. All other compounds were ionised using an electrospray ion source (ESI) oper-
ated in the positive ion mode.  
Quantification was based on external 5 point calibrations using standard mixtures of com-
pounds (label I, Table 3.1), other compounds were identified using the GC-MS/MS spec-
tral library and quantified using calibration curves from isomers or structurally related 
compounds (label T, Table 3.1).  
Additionally, high molecular PAHs in F11 to F13 have been analysed using reversed phase 
(RP)-HPLC with diode array detection (DAD) using a 717plus autosampler, 600E solvent 
delivery system and 996 photodiode array detector, all Waters, Milford, MA, USA, operat-
ing at 210 nm to 460 nm. Compounds were separated on a 150x3 mm, 5 µm Supelcosil 
LC-PAH column (Supelco) with a gradient of water, methanol, acetonitrile and 
tetrahydrofuran. Quantification was based on standard mixtures using 6 point calibrations 
at compound-specific wave lengths.  
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3.1.4 Results and Discussion 
3.1.4.1 Chemical screening analysis 
Fractions were screened using LC-MS/MS, HPLC/DAD and GC-MS instruments for target 
analytes and unknowns (Table 3.1).  
The sediment samples exhibited different contamination profiles. The Přelouč sample is 
characterised by high concentrations of small petrogenic alkylated PAHs and sulfur heter-
ocyclic derivatives thereof indicating a contamination with oil. Other outstanding contami-
nants were ethylpyridylindole and diphenylpropenethiols, chloro- and dichloroanthraqui-
nones as well as 1,3-dinitropyrene. The sediment from Most shows a greater contamination 
with pyrogenic five- and six-ring PAHs, while the Bitterfeld sample is characterised by 
high amounts of DDT derivatives and HCH isomers together with some other specific 
compounds that have been produced in Bitterfeld such as N-phenyl-2-naphthylamine, 
prometryn, methoxychlor and methyl-parathion. The chemical screening analysis was in 
agreement with the fractionation scheme based on standard compounds [7]. Compounds 
with small aromatic structures such as alkyl benzenes, naphthalenes, biphenyls, diphe-
nylethers, dibenzofurans, PCNs and PCBs occured in fractions F2 to F5. Fractions 6 to 13 
contained PAHs, alkyl-PAHs and their oxygen (O) and sulphur (S) containing heterocyclic 
derivatives with an increasing number of aromatic carbons. Compounds with increasing 
polarity such as nitro-, keto- and hydroxy-PAHs and nitrogen containing heterocyclic aro-
matic compounds (N-PACs) were eluted in F13 to F18. While DDT and metabolites eluted 
exclusively in the nonpolar F3 and F6 to F9, different HCH-isomers were found in nonpo-
lar F7 and F8 as well as in the more polar F13 and F14 due to different polarities of the 
molecules. Assuming the hydrogen atoms in HCH as the electropositive partner interacting 
with the electronegative cyano group of the stationary phase the retention behavior of the 
HCH isomers is well in agreement with expectations. The surface area formed by interact-
ing hydrogen atoms undisturbed by chlorine increases from the α- via - to the β- and δ-
isomers. Mononitro-PAHs were detected mainly in F13 and continued to elute in F14, 
where also dinitro-PAHs occurred. Keto- and ketohydroxy-PAHs with parental molecular 
weight up to 228 (anthraquinone, 9H-fluorene-9-one, benz[a]anthracene-7,12-dione) were 
observed in F14, whereas N-PACs were spread over F14 to F17. In F15, benzo[a]pyrene-
7,8-dione and 3-hydroxybenzo[a]pyrene were quantified. Other 11 diones and 9 monohy-
droxyderivatives of PAHs with a molecular weight of 252 were tentatively identified in the 
same fraction. Industrial chemicals with potentially estrogenic and/or other endocrine dis-
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rupting activities (such as dialkyl phthalates, alkylphenols, several musk compounds and 
bisphenol A) as well as a number of compounds with more than one polar functional group 
(aminoanthraquinone, N-,N-diethylcarbanilid, prometryn) were found in the semi-polar to 
polar fractions F14 to F17. Furthermore, saturated and unsaturated aliphatic compounds 
containing polar functional groups like ketones, acids, amides, aldehydes, alcohols and 
aromatic compounds with aliphatic side chains (dichlorobenzophenone, N-phenyl-2-
naphthylamine, triphenylphosphate, diphenylsulfide) occurred in the semi-polar to polar 
F13 to F18. 
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Table 3.1: Compounds and compound concentrations detected in fractions (F) 1-18 ob-
tained from Přelouč (P), Most (M) and Bitterfeld (B) sediment extracts. Concentrations of 
quantified compounds are given in ng g-1 sediment equivalent. For clarity, all compounds 
that occurred to more than 80% in one fraction with minor concentrations in adjacent frac-
tions were listed only in the main fraction. 
F Compound P M B id Mt AhR GJ ER References 
1 n-alkanes, C10-C31 (Σ) 130000 27000 92000 I1      
2 n-alkanes, C10-C35 (Σ) 38000 36000 62000 I1      
 sulphur x x x T1      
 alkylated benzenes x x x T1      
 tetra-, pentachlorobenzene nd nd x T1      
 hexachlorobiphenyl nd nd x T1      
3 n-alkanes, C10-C35 (Σ) 29000 36000 27000 I1      
 naphthalene 15 4.2 66 I1 -- --   [17]/[18] 
 1-methylnaphthalene 25 19 20 I1      
 2-methylnaphthalene 26 23 15 I1      
 C2-C10-methylnaphthalenes (Σ) 5300 990 340 T1      
 biphenyl 19 14 36 I1 --    [19] 
 C1-C6-methylbiphenyls (Σ) 5400 850 510 T1      
 alkylated benzenes nd x x T1      
 hexachlorobenzene nd nd x T1      
 penta-, hexachlorobiphenyl x x x T1      
 dichlorodiphenylsulphide nd nd x T1      
 Dichlorodiphenyldichlorethylene (o,p’-DDE/p,p’-
DDE) 
<0.3/53 <0,3/13 75/130 I1      
 1,1,1-trichloro-2,2-bis(2-chlorophenyl-4-
chlorophenyl)ethane (o,p’-DDT) 
<0.3 <0.3 140 I1      
 1-chloro-2,2-bis-(p-chlorphenyl)ethylene (DDMU) nd nd x T1      
4 n-alkanes, C10-C35 (Σ) 32000 35000 36000 I1      
 dibenzofuran 19 32 7.8 T1      
 C1-C5-methyldibenzofurans (Σ) 900 210 53 T1      
 benzaldehyde 390 790 220 T1      
 benzylalcohol 53 95 22 T1      
 tetra-, pentachloronaphthalene nd nd x T1  +*   -/[20] 
5 hexa -, heptachloronaphthalene nd nd x T1  +*   -/[20] 
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 Table 3.1 continued.         
F Compound P M B id Mt AhR GJ ER References 
 MW 340 nd nd x T1      
6 n-alkanes x nd x T1      
 acenaphthylene 1.1 <0.2 <0.2 I1 -- --   [19]/[21] 
 fluorene 47 8.3 14 I1 -- -- + -- [22]/[23]/[24]/[23] 
 C1-C4-methylfluorenes (Σ) 940 97 34 T1      
 terphenyl nd nd x T1      
 dibenzothiophene 57 25 2.3 I1 --    [22] 
 C1-C5-methyldibenzothiophenes (Σ) 4100 170 21 T1      
 methylnaphthothiophenes nd x nd T1      
 benzenesulfonanilide x nd nd T1      
 p,p’-DDT <0.5 88 86 I1 --   + [25]/-/-/[26] 
7 phenanthrene  440 620 540 I1 -/+ -- +  [17],[22]/[18]/[24] 
 methylphenanthrenes (Σ) 6900 1100 510 I1 +*    [22] 
 methylanthracenes (Σ) 1600 240 75 I1      
 anthracene 1400 130 91 I1 -/+ -- -- -- [25],[22]/[18]/[24]/
[23] 
 C1-C4-methylfluorenes (Σ) 2400 52 110 T1      
 tetramethylacenaphthylenes (Σ) 2000 65 31 T1      
 4H-cyclopenta[def]phenanthrene 97 120 91 I1  + +  -/-/[3] 
 phenylnaphthalenes (Σ) 860 230 370 T1      
 phenylmethylnaphthalenes x x x T1      
 C2-C4-methylPAHs, parental MW 178 (Σ) 68000 6600 710 T1      
 ethylmethyl PAHs, parental MW 178 (Σ) 2300 250 32 T1      
 1,2-diphenylethene (stilbene) 50 1.8 69 T1      
 benzonaphthofurans x x x T1      
 dibenzothiophenes (Σ) 84 2.1 6.9 I1      
 C1-C5-methyldibenzothiophenes/-naphthothio-
phenes (Σ) 
6700 79 9.4 T1      
 naphthothiophenes (Σ) 140 34 15 T1 +*    [27] 
 α-hexachlorocyclohexane (HCH) <0.3 <0.3 650 I1      
 p,p’-DDT <0.3 <0.3 22 I1 --   + [25]/-/-/[26] 
 ethyl pyridylindole 3200 96 nd T1      
 diphenylpropenethiols (Σ) 12000 150 9.2 T1      
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Table 3.1 continued. 
         
F Compound P M B id Mt AhR GJ ER References 
8 fluoranthene 960 1500 720 I1 + + +  [22]/[28]/[24] 
 methylfluoranthenes x x x T1      
 pyrene  900 1800 880 I1 -/+ + +  [17],[22]/[28]/[3] 
 1-methylpyrene  75 140 150 I1  +    
 2-methylpyrene 140 130 58 T1      
 4-methylpyrene 120 220 98 I1      
 benzo[a]fluorene 200 220 110 I1 -- +   [19] 
 benzo[b]fluorene 130 100 10 I1 -/+ +   [29],[19]/[21] 
 benzo[c]phenanthrene 93 140 58 I1 + +    
 2,2-dinaphthylether nd nd x T1      
 benzonaphthofurans  x x x T1      
 benzo[b]naphtho[2,1-d]thiophene  110 3.5 1.6 I1 +    [27] 
 benzo[b]naphtho[1,2-d]thiophene 22 0.7 0.5 I1 +    [27] 
 benzo[b]naphtho[2,3-d]thiophene 17 1.3 0.4 I1 --    [27] 
 γ-HCH <0.3 <0.3 25 I1 --   + [30]/-/-/ [26] 
 o,p’-DDE <0.3 <0.3 27 I1    + -/-/-/[31] 
 o,p’-DDD/ p,p’-DDD <0.3/<0.3 <0.3/31 520/140
0 
I1      
 DDMU   x T1      
9 benz[a]anthracene  630 1300 340 I1 + +  + [25]/[18]/-/[23] 
 methylbenz[a]anthracenes (Σ) 260 400 82 I1 + +* +*  [17]/[32]/[32] 
 benzo[ghi]fluoranthene 110 190 x I1      
 chrysene 870 1500 430 I1 + +   [17]/[33]/ 
 methylchrysenes (Σ) 690 1000 270 I1 +* +* +*  [17]/[34]/[34] 
 triphenylene 29 240 110 I1 + +   [29]/[21] 
 binaphthalene/phenylphenanthrene x x x T1      
 2,2-naphthalenylbenzo[b]thiophene x nd x T1      
 dinaphthofuranes x x x T1  +*  +* -/[35]/-/[35] 
10 benzo[a]fluoranthene 89 250 76 I1      
 benzo[b]fluoranthene 690 1200 530 I1 + +   [36]/[33] 
 benzo[j]fluoranthene 350 550 230 I1 + + --  [29]/[12]/[3] 
 benzo[k]fluoranthene 300 580 260 I1 + + --  [36]/[33]/[3] 
 benzo[e]pyrene 510 900 330 I1 -- + --  [25]/[37]/[3] 
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F Compound P M B id Mt AhR GJ ER References 
 benzo[a]pyrene 450 1100 340 I1 + + + -- [22]/[33]/[3]/[23] 
 perylene 130 390 110 I1 +  --  [25]/-/[3] 
 9-/10-methylbenzo[e]pyrene 8.6/3.0 <0.5/<0.5 <0.5/3.9  I1      
 1-/3-methylperylene 9.3/15 <0.5/<0.5 <0.5/<0.
5 
I1      
 1-/6-methylbenzo[a]pyrene 33/21 19/15 <0.5/8.0 I1 ?/+    [38] 
 9-/10-methylbenzo[a]pyrene 8.4/11 37/15 6.0/29 I1 +/-    [38] 
11 indeno[1,2,3-cd]pyrene 460 840 320 I1 + + --  [36]/[33]/[3] 
 benzo[ghi]perylene 530 1100 590 I1 + --  + [39]/[37]/-/[26] 
 indeno[1,2,3-cd]fluoranthene 14 12 x I1      
 dibenzo[a,c]anthracene 0.3 8.4 1.4 I2 + + +  [17]/[28]/[3] 
 dibenzo[a,j]anthracene 1.4 41 5.7 I2 + + --  [17]/-/[3] 
 dibenzo[a,h]anthracene <0.5 13 1.8 I2 + + --  [17]/[18]/[3] 
 alkylated PAHs with six aromatic rings x x x T1      
12 coronene 91 210 64 I2 +  --  [29]/-/[3] 
13 aliphatic aldehydes, alcohols, dienes x x x T1      
 picene 110 110 73 I2  + +  -/[12]/[3] 
 methoxybiphenyl nd nd x T1      
 phenylmethoxynaphthalene x nd x T1      
 dibenzo[b,k]fluoranthene 77 76 52 I2      
 coronene 42 26 21 I2   --  -/-/[3] 
 dibenzo[a,i]pyrene 32 35 21 I2 + + --  [17]/[12]/[3] 
 naphtho[2,3-a]pyrene 19 26 13 I2  + --  -/[12]/[3] 
 naphtho[1,2,3,4-ghi]perylene 55 58 37 I2  +    
 dibenzo[a,h]pyrene 15 17 11 I2 + +   [40]/[12] 
 benzo[a]coronene 36 20 12 I2      
 1-nitronaphthalene 0.3 <0.2 1.6 I1 + --   [30]/[28] 
 2-nitronaphthalene <0.2 <0.2 0.3 I1 + +   [25]/[28] 
 9-nitrophenanthrene 4.2 6.8 11 I3 +    [41] 
 1-nitropyrene <0.1 0.2 0.3 I3 + --   [42]/[28] 
 3-nitrofluoranthene <0.03 <0.03 0.1 I3 + +   [42]/[28] 
14 aliphatic ketones, diols x x x T1      
 friedelan-3-one x x x T1      
 anthraquinone  1100 130 190 I3 -- --  + [43]/[23]/-/[23] 
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Table 3.1 continued.          
F Compound P M B id Mt AhR GJ ER References 
 methylanthraquinone x x x T1 --    [43] 
 9H-fluorene-9-one 84 83 60 I3  --  -- -/[23]/-/[23] 
 cyclopenta[def]phenanthrone 37 55 45 I3    --  
 benzofluorenone x x x T1 +* +*   [44]/[21]/ 
 anthrone 61 nd  10 I3 + --  -- [45]/[23]/-/[23] 
 phenanthrenol x x x T1 --*    [22] 
 2-aminophenolanilin nd nd x T1      
 nitrobenzothiophene nd nd x T1      
 naphthalenyloxynaphthalene x nd x T1      
 carbazole 24 47 44 I1 -- --   [22]/[18] 
 N-phenyl-2-naphthylamine nd nd x I1 --    [36] 
 4-methoxy-3-nitrobiphenyl nd nd x T1      
 methoxychlor nd nd x T1 --   + [30]/-/-/[11] 
 chloroanthraquinones (Σ) 140 nd nd I1      
 dichloroanthraquinone 12 nd nd I1      
 β-/δ-HCH nd nd 1900/51 I1      
 methyl-parathion nd nd x I1 +    [30] 
 benzophenone 13 30 52 I1    +  
 galaxolide (HHCB) 7.7 150 15 I1    + -/-/-/[46] 
 tonalide (AHTN) 13 83 22 I1      
 triclosan 200 nd na I1      
 traseolide nd nd na I1      
 musk-xylene nd nd na I1    + -/-/-/[46] 
 musk-ketone nd nd na I1    + -/-/-/[46] 
 trimethylbenzaldehyde 71 19 18 T1      
 dichlorobenzeneamine 10 nd 19 T1      
 hydroxyanthracene-9-one 57 nd nd I1      
 benz[a]anthracene-7,12-dione 120 82 270 I3 -- +  + [39]/[23]/-/[23] 
 1-nitronaphthalene 0.2 0.2 <0.2 I1 + --   [30]/[28] 
 1-nitropyrene 0.2 0.3 1.1 I3 + --   [42]/[28] 
 3-nitrofluoranthene 0.04 <0.03 0.4 I3 + +   [42]/[28] 
 6-nitrochrysene <0.2 <0.2 0.4 I3 + +   [47]/[28] 
 1,6-dinitropyrene 0.08 0.08 1.7 I3 + +   [47]/[28] 
 1,8-dinitropyrene <0.01 <0.01 0.9 I3 + +   [47]/[28] 
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F Compound P M B id Mt AhR GJ ER References 
 1,3-dinitropyrene  x 0.8 1.1 I3 + +   [47]/[28] 
 alkoxybenzenes (Σ ) nd nd 1100 T1      
 4-ethoxy-benzoic acid ethylester 20 12 22 T1      
 trimethylpentanediol diisobutyrate 9.7 52 70 T1      
 1,1-oxy-bis(methylene)-bis-benzene 6.2 <0.2 52 T1      
 dichlorobenzophenones (Σ) 3.3 <0.2 17 T1      
 diphenylpyrrazole <0.2 <0.2 35 T1      
 nitrophenylaminoanilin <0.2 <0.2 570 T1      
 diphenylpyrrole <0.2 <0.2 1300 T1      
 α-amyrin 620 720 1000 I1      
 β-amyrin 400 330 1700 I1      
15 galaxolide (HHCB) 3.2 110 11 I1    + -/-/-/[46] 
 benzo[a]pyrene-7,8-dione  1.3 2.0 1.3 I3      
 11 other diones, parental MW 252 (Σ) 2.7 4.1 2.7 T1      
 3-hydroxybenzo[a]pyrene 3.2 5.4 2.0 I3      
 hydroxy-PAHs, parental MW 252 (Σ) 57 37 10 T1      
 nonylphenols (Σ of 23 compounds) 61 86 550 T1    +* -/-/-/[11] 
 5β-cholestan-3β-ol (coprostane-3-ol) 1400 7000 2700 I1      
 5β-cholestan-3α-ol 42 340 62 I1      
 5α-cholestan-3-one 380 1200 <0.5 I1      
 24-ethyl-5β-cholestan-3β-ol 720 2400 1500 I1      
 24-ethyl-5β-cholestan-3α-ol 130 290 6.8 I1      
 β-amyrin 450 450 800 I1      
 α-amyrin 600 1000 1200 I1      
 lupeol 50 4900 540 I1      
 stigmasterol  360 7900 690 I1    -- -/-/-/[48] 
 β-sitosterol 1900 1500 2700 I1    -- -/-/-/[48] 
 17β-estradiol  0.01 0.01 0.009 I3    + -/-/-/[49] 
 7H-benzo[de]anthracene-7-one  2100 nd nd I1 + +  + [45]/[23]/-/[23] 
 chlorophene nd nd x T1    -- -/-/-/[49] 
 4-methoxy-3-nitrobiphenyl nd nd x T1      
 aminoanthraquinone x nd x T1 +    [30] 
 ethyl-N,N-diphenylcarbamate nd nd x T1      
 N-phenyl-2-naphthylamine nd nd x T1 --    [36] 
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F Compound P M B id Mt AhR GJ ER References 
 benzoacridine x x x T1  +*  +* -/[18]/[23] 
 benzocarbazole x x x T1      
 benzothiazole 150 240 1200 I1      
 triphenylphosphate nd nd x T1      
 dichlorobenzenamine 9.7 nd nd T1      
 hydroxyxanthracene-9-one 42 <0.9 <0.9 T1      
 trimethyl-2-cyclohexene-1,4-dione 440 500 2000 T1      
16 diphenylsulfone 680 970 1900 I1      
 N-butyl-benzenesulfonamide na x na I1      
 aliphatic acids x x x T1      
 2-naphthalenol nd nd x T1 --    [17] 
 5β-cholestane-3β-ol 1200 220 350 I1      
 5β-cholestane-3α-ol 1400 93 12 I1      
 cholesterol 5300 950 3200 I1    -- -/-/-/[49] 
 5α-cholestane-3β-ol 4700 910 2100 I1      
 ergosterol 6.6 <0.6 28 I1      
 24-ethyl-5β-cholestane-3β-ol 440 130 520 I1      
 24-ethyl-5β-cholestane-3α-ol <0.6 370 250 I1      
 stigmasterol 2500 <0.6 3100 I1    -- -/-/-/[48] 
 β-sitosterol 4100 1500 9400 I1    -- -/-/-/[48] 
 estrone 0.4 1.4 0.4 I3    + -/-/-/[49] 
 17β-estradiol 0.03 0.02 0.005 I3    + -/-/-/[49] 
 ethylmethylpyrrole-2,5-dione 28 34 23 T1      
 hydroxymethoxybenzaldehyde 34 28 21 T1      
 trimethyl-4H-benzofuranone 14 24 13 T1      
 trimethyloxobutyl-2-cyclohexene-1-one 9.0 8.1 8.3 T1      
 N,N’-Diethylcarbanilide 66 0.7 81 T1      
 7-diethylamino-4-methyl-2H-1-benzopyran-2-one x nd x T1      
17 aliphatic amides x x x T1      
 estriol 0.004 nd nd I3    + -/-/-/[49] 
 17α-ethinylestradiol 0.006 nd 0.02 I3    + -/-/-/[50] 
 bisphenol A 56 110 30 I1    + -/-/-/[11] 
 dibenzacridines x nd nd T1 +* +*  +* [17]/[28]/-/[23] 
 prometryn nd nd x T1      
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F Compound P M B id Mt AhR GJ ER References 
 4-hydroxybenzoaldehyde x x x T1      
 piperine nd x nd T1      
 N,N’-diethylbenzeneamine 0.1 37 0.1 T1      
 5-cholesten-3β-ol-7-one 390 <2.2 <2.2 I1      
18 prometryn nd nd x T1      
 benzoic acids (Σ ) 12 5.7 14.1 T1      
 diphenylsulfide nd nd 4 T1      
 methylthiodiaminotriazine nd nd 7.9 T1      
 benzothiazolone nd nd x T1      
Σ: sum of concentrations of compounds from one compound group. MW: mass weight, x: compound detected but not 
quantified, nd: below detection limit, na: not analysed. T: tentatively identified (id), I: positively identified, superscript 
numbers indicate the applied analytical method (1: GC-MS, 2: HPLC-DAD, 3: LC-MS/MS). For description of analytical 
methods see text. Mt: Mutagenic effect (Ames test, TA98 and/or TA100 with and/or without metabolic activation). AhR: 
AhR-mediated toxic effects (DR-CALUX or EROD assay). GJ: inhibition of gap junctional intercellular communication. 
ER: estrogenic activity. C: aliphatic carbon. --: no effect reported, +: effect reported, +*: effect reported for single iso-
mers, -/+, ?: inconclusive 
3.1.4.2 In vitro biological screening 
Mutagenicity. Mutagenicity of all fractions and of parent and reconstituted extracts was 
examined in a liquid microplate version of the Ames assay using tester strains TA98 and 
TA100 with and without metabolic activation at a test concentration of 0.2 g SEQ ml-1 
(Figure 3.1). Additionally, concentration-response curves were determined for parent and 
reconstituted extracts and active fractions (Table 3.2) at concentrations ranging from  
1.56 mg SEQ ml-1 to 0.2 g SEQ ml-1 (Ames, TA98, with and without metabolic activation) 
and 3.1 mg SEQ ml-1 to 0.4 g SEQ ml-1 (Ames, TA100, with and without metabolic activa-
tion).  
Reconstituted extracts of Přelouč and Most were more mutagenic than their parent extracts 
probably due to the removal of suppressing compounds by irreversible binding to station-
ary phases [51, 52]. Furthermore, precipitation during solvent exchange could have re-
moved compounds masking mutagenic effects due to cytotoxicity, inhibition of biochemi-
cal processes in the cells or in S9 enzymes activity, or by reducing bioavailability [51, 53-
55]. In general, TA98 was equally or more sensitive than TA100.  
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Both direct and indirect mutagenic effects were found primarily in fractions 9 to 11 and 
F13 to 17 with focus on fractions 10, 11, 14 and 15. Effects of polar fractions 14 and 15 
were up to 55 times higher than those of nonpolar fractions 10 and 11 (Table 3.2). Frac-
tions 9 to 11 contained well-known mutagenic PAHs with four to six aromatic rings (Table 
3.1). In addition, methylated PAHs which may be even more mutagenic than their parent 
compounds [22, 38] are expected to contribute to mutagenicity. Because most PAHs are 
known to be mutagenic only after metabolic activation [56], other compounds like directly-
acting pentafused-PAHs [57, 58] might be responsible for the observed direct mutagenic 
effect. Nitro- and dinitro-PAHs like 1-nitropyrene, 1,3- and 1,8-dinitropyrene detected in 
F13 and F14 were found to be potent direct and indirect acting mutagens in Salmonella 
typhimurium [42, 59]. Furthermore, methyl-parathion, aminoanthraquinone and dibenzoac-
ridines detected in F14, F15 and F17, respectively, have been reported to be mutagenic 
compounds in the Ames assay. No or only weak mutagenicity of certain oxy-PAHs 
(benz[a]anthracene-7,12-dione, phenanthrenol, benzofluorenones, anthrone) has been re-
ported in the tester strain TA98. 
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Figure 3.1: Mutagenic responses of parent (par), reconstituted (rec) and fractionated (1-18) 
Přelouč (P), Most (M) and Bitterfeld (B) sediment extracts determined with tester strain 
TA98 without (horizontally shaded) and with (white) metabolic activation, and with 
TA100 without (diagonally shaded) and with (black) metabolic activation by S9. Concen-
tration was 0.2 g sediment equivalents ml-1. The maximum number of positive wells is 48. 
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Table 3.2: Initial slopes of the linear part of the concentration-response curves obtained for 
parent and reconstituted Přelouč (P), Most (M) and Bitterfeld (B) extracts and selected 
fractions expressed as revertants per g sediment equivalent. – non-mutagenic, + mutagenic 
but no clear concentration-response relationship was observed, nd: not determined. 
Fraction P M B P M B 
-S9 +S9 -S9 +S9 -S9 +S9 -S9 +S9 -S9 +S9 -S9 +S9 
TA98 TA100 
Parent + 171 24 439 2977 1554 + + + -- 432 81 
Reconstituted 1756 1089 1778 699 2413 2452 4916 60 432 + 400 240 
8 -- -- -- 40 + 13 nd nd nd nd nd nd 
9 22 + -- + -- + nd nd nd nd nd nd 
10 27 + 50 115 + 33 nd 32 -- 32 nd nd 
11 10 -- 117 100 -- 23 nd + + + nd nd 
13 -- -- -- 32 -- 69 nd nd nd nd nd nd 
14 2744 516 63 13 782 1398 620 + nd nd nd nd 
15 1392 490 29 + 321 348 801 + nd nd nd nd 
16 + + + -- + + nd nd nd nd nd nd 
17 + + -- 17 + 48 nd nd nd nd nd nd 
 
AhR-mediated activity. The DR-CALUX assay was used to determine AhR-mediated ac-
tivities applying test concentrations from 0.1 mg SEQ ml-1 to 10 mg SEQ ml-1 (Figure 3.2). 
Only minor differences between the parent and the reconstituted extracts were observed in 
the DR-CALUX assay indicating that no significant losses of AhR-inducing compounds 
have occurred during the fractionation process. The assay showed a number of biologically 
active fractions with site-specific effect patterns. The activity of the parent extracts from 
Přelouč and Most were quite similar (about 10 ng TCDD-EQ g SEQ-1) while the Bitterfeld 
sample exhibited about 17 ng TCDD-EQ g SEQ-1. The Bitterfeld sediment exhibited great-
est effects in F5 that co-elutes with PCDD/Fs, co-planar PCBs and PCNs that are known to 
be potent AhR-inducers [20, 60]. Bitterfeld is well known for significant PCDD/F, PCB 
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and PCN levels contributing to AhR-mediated effects in this area [61-64]. Sediments from 
Přelouč and Most exhibited only minor AhR-mediated activities in F5 suggesting only low 
levels of persistent PCDD/Fs and coplanar PCBs. 
The PAH-containing fractions 7 to 10 and 13 exhibited AhR-mediated activity in all sedi-
ments which is in agreement with expectations since PAHs are well-known AhR-inducing 
components [18]. Interestingly, Přelouč fraction 7 contained parent PAHs without potency 
to induce the AhR-mediated activity but particularly high concentrations of alkylated 
dibenzothiophenes or naphthothiophenes as well as large amounts of alkylated fluorenes, 
phenanthrenes and anthracenes (Table 3.1), which may contribute to the effects. The high-
est AhR-mediated activities were found in fractions 9 and 10. Fraction 9 contained 
monomethylated benz[a]anthracenes and chrysenes as major AhR-agonists. Additionally, 
the moderatly AhR-inducing compounds chrysene and benz[a]anthracene contribute to 
effects as well. In F10, parent and monomethylated benzo[a]pyrenes and benzofluoran-
thenes contribute to AhR-mediated activity. The prominent role of methylated PAHs for 
AhR-mediated effects of sediment extracts has been recently shown for other sediments 
[65].  
 
Figure 3.2: Aryl hydrocarbon receptor-mediated activities of parent (par), reconstituted 
(rec) and fractionated (1-18) Přelouč (shaded), Most (white) and Bitterfeld (black) sedi-
ment extracts expressed as ng toxicity equivalents (TEQ) per g sediment equivalents 
(SEQ)-1. 
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Bitterfeld sediments also exhibited outstanding activity in the semipolar fraction F14 con-
taining a large number of keto-, hydroxy- amino- and nitro-compounds. The most abundant 
oxygenated PAHs such as anthraquinone and benz[a]anthracene-7,12-dione as well as 7H-
benz[de]anthracene-7-one and 3-hydroxybenzo[a]pyrene found in F14 and F15 of all sed-
iments were reported to be only weak AhR-agonists in the DR-CALUX. Semi-polar frac-
tions F14 and F15 also contributed to AhR-mediated effects in Přelouč and Most sedi-
ments. 
Inhibition of GJIC. Potencies of the fractions to block GJIC were determined in scrape 
loading/dye transfer assay using rat liver epithelial WB-F344 cells (Figure 3.3). At the test 
concentration of 0.1 g SEQ ml-1 significant inhibitions of GJIC were found exclusively 
after exposure to semi-polar and polar fractions F14 to F17 with Bitterfeld F16 and Přelouč 
F15 showing the strongest inhibitory potencies (down to 8% and 29%, respectively).  
Although individual parent and methylated PAHs including low molecular weight com-
pounds and non-coplanar PCBs are known inhibitors of gap junctional communication [3, 
66], these compounds did not significantly contribute to GJIC inhibition. Since only very 
limited information on the GJIC inhibition potency of polar chemicals is available, no con-
clusions on the cause of the effects may be drawn. 
 
Figure 3.3: Acute inhibition of gap junction expressed as % of the control. Responses 
shown for fractions 1-18 of Přelouč (shaded), Most (white) and Bitterfeld (black) sediment 
extracts and a concentration of 0.1 mg sediment equivalents ml-1. 
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Estrogenicity. The estrogenicity of sediment fractions was determined in the ER-CALUX 
assay (Figure 3.4). While nonpolar fractions exhibited no significant ER-mediated activity 
at a concentration up to 10 mg ml-1 SEQ, semi-polar and polar fractions F14 to F17 showed 
significant ER-activation and ER-dependent gene transcription. The highest responses up 
to 81 pg 17β-estradiol (EEQ) g SEQ-1 was exhibited by Most F17; other fractions (Bitter-
feld F15 and F17, Přelouč F17) showed responses between 27 pg EEQ g SEQ-1 and  
49 pg EEQ g SEQ-1. Known contributors were estrone in fractions 16 as well as 17β-
estradiol in fractions 15 and 16, 17α-ethinylestradiol in Bitterfeld F17 and 7H-
benz[de]anthracene-7-one in Přelouč F15. Other industrial contaminants like alkylphenols, 
anthraquinone, benz[a]anthracene-7,12-dione, bisphenol A and musk compounds may only 
weakly contribute to the overall ER-mediated activity. 
 
Figure 3.4: Estrogen receptor-mediated activity obtained for fractions 1-18 of the Přelouč 
(shaded), Most (white) and Bitterfeld (black) sediment extracts expressed as 17β-estradiol 
equivalents (EEQ) per g SEQ-1. 
TTR-binding potency. Přelouč and Most fractions were tested for TTR-binding activities in 
the TTR-binding assay. Thyroid hormones are associated to transport proteins such as 
transthyretin and are essential for proper development and differentiation of all cells. In 
vitro binding studies of several groups of environmental contaminants have shown that 
some of them are able to bind to TTR and compete with target hormones, with potencies 
comparable or even higher than the natural ligand, T4 [67-71]. Thyroxine equivalents were 
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derived from concentration-response relationships at test concentrations of 0.6 g SEQ ml-1 
to 60 g SEQ ml-1 (Figure 3.5). 
In this study, no or low activities were determined for the nonpolar fractions. While some-
what higher activities were observed for Přelouč and Most F13 and F14, the majority of the 
TTR-binding activity was recovered in the polar fractions, particularly in F15 and F16 with 
responses up to 3385 pmol T4 equivalents g SEQ-1. High potency was also found in Most 
F17. This strong effect was not observed for Přelouč F17 but for Přelouč F18, which was a 
non-active Most fraction. Only a few compounds listed in Table 3.1 were tested for their 
TTR-binding activity. While biphenyl [68], penta- and hexachlorobiphenyl [72], o,p'- and 
p,p'-DDE, DDD and DDT [73], bisphenol A [68, 74] as well as benzo[a]pyrene [74] were 
inactive, 4-nonylphenol [68, 74] contained in fractions 14 and 15, respectively, showed 
TTR-binding activities. Since functional groups are needed to bind to the transthyretin ac-
tive site [75], many aromatic ketones and hydroxylated PAHs identified in F15 and F16 
could be of interest as possible TTR-binding compounds. This needs to be confirmed by 
additional bioassay analysis. 
 
Figure 3.5: TTR-binding potency expressed as pmol T4 equivalents per g sediment equiva-
lent (SEQ) in fractions 1-18 of sediment extracts from Přelouč (shaded) and Most (white). 
3.1.4.3 Toxicity patterns and identification of priority fractions 
An overall evaluation based on five in vitro toxicological endpoints relevant for mutagen-
icity, endocrine disruption and reproductive effects (Figure 3.6) reveals similar toxicity 
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patterns for different sediments despite different concentrations of individual components 
in these samples. The evaluation strongly highlights the significance of semi-polar to polar 
fractions (F13 to F17) for hazards due to contaminated sediments.  
 
Figure 3.6: Toxicity pattern of 18 fractions obtained from the Přelouč (P), Most (M) and 
Bitterfeld (B) sediment extracts. 
These fractions caused moderate to strong mutagenic, AhR-mediated, GJIC, estrogenic and 
thyroid hormone disrupting effects in all investigated samples. Sediment risk assessment is 
normally based on nonpolar compounds such as PAHs, PCBs and PCDD/Fs. These com-
pounds contribute to mutagenicity and AhR-mediated effects. However, it becomes obvi-
ous that this kind of assessment ignores a major fraction of hazardous compounds. This 
fraction becomes even more dominant if bioavailability is considered in prioritisation and 
risk assessment [76, 77]. Polar fractions of sediment contamination are much less defined 
than the nonpolar fractions and contain a multitude of compounds with diverse functional 
groups. Many of these compounds are not identified yet or lack data on their potential to 
cause adverse effects. Thus, these fractions should be given a major focus in sediment 
analysis and assessment in order to come up with more realistic figures of risks due to con-
taminated sediments. 
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3.2 Effect-directed identification and quantification of 
dinitropyrenes, 3-nitrobenzanthrone and PAHs as major 
mutagens in contaminated sediments from the River Elbe 
basin 
3.2.1 Abstract 
Polar and nonpolar fractions of organic sediment extracts from two contaminated sites of 
the River Elbe basin have been shown to be highly mutagenic to Salmonella typhimurium 
in a former study. For the further effect-directed identification of mutagenic compounds 
one nonpolar and three polar mutagenic fractions were subfractionated by reversed phase 
and normal phase liquid chromatography. Resulting fractions were tested for their muta-
genic responses in the Ames fluctuation assay using tester strains TA98, YG1024 and 
YG1041. About 80 compounds were identified using GC-MS and LC-MS/MS methods.  
Known mutagenic compounds identified in mutagenic subfractions included mainly keto-, 
amino, nitro- and dinitro-PAHs and azaarenes as well as parent and methylated five-ring 
and cyclo-pentafused PAHs. 3-nitrobenzanthrone as well as 1,3-, 1,6- and 1,8-
dinitropyrene were identified as outstanding mutagens in medium polar fractions and were 
detected in concentrations up to 2.1 ng g-1 SEQ. Five-ring PAHs and benzofluoranthenes 
were found in concentrations up to 1120 ng g-1 SEQ and accounted for a major part of ob-
served mutagenic effects in the nonpolar fractions. In contrast, concentrations of 6-nitro- 
and 6-aminobenzo[a]pyrene, benzo[a]- and benzo[c]acridine were below the concentration 
causing mutagenic effects in the applied bioassay.  
3.2.2 Introduction 
Sediments can act as a reservoir for toxic compounds causing a range of adverse effects to 
biota. They are known to accumulate a broad range of substances like polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and naphthalenes (PCNs) and 
dibenzo-p-dioxins and –furans (PCDD/Fs). All these compounds are nonpolar in nature 
and have been in the focus of sediment risk assessment for a long time [1, 2]. However, the 
role of other more polar compounds has been largely neglected so far and it is becoming 
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obvious that observed effects of sediment extracts in bioassays often cannot be linked to 
target analytes [3].  
Effect-directed analysis (EDA) applying a stepwise fractionation procedure according to 
different physico-chemical properties with subsequent biotesting and chemical analysis is a 
powerful tool to characterise and identify biologically active compounds [3]. The reduction 
of the chemical complexity of fractions facilitates chemical analysis, reduces the number 
of potentially active compounds and minimises antagonistic and synergistic effects and 
thus enables the identification and confirmation of active components. Combining the 
EDA approach with the application of specific diagnostic strains indicating specific modes 
of action and thus groups of mutagens further supports the identification of causative com-
pounds [4]. 
In a previous study organic sediment extracts from three contaminated sites of the River 
Elbe basin have been shown to elicit mutagenic, aryl hydrocarbon receptor (AhR)-
mediated, tumor promoting and endocrine disrupting effects [5]. Two of these sites were 
investigated further in this study including the Elbe tributaries Bílina near Most (M), Czech 
Republic and Spittelwasser near Bitterfeld (B), Germany. Sampling sites are mainly con-
taminated by textile, chemical and petrochemical industries and urban waste waters. The 
first characterisation based on chromatic separation according to the compound's polarity 
revealed that the majority of highly mutagenic fractions were medium polar to polar while 
nonpolar compounds contributed only to a minor extent to the observed effects [5]. Chemi-
cal analysis detected more than 200 compounds and compound groups including potential-
ly mutagenic, AhR-active, tumor promoting and endocrine disrupting substances such as 
PAHs and their nitrated and oxygenated derivatives, triclosan, 17β-estradiol and estrone. 
However, their actual individual contributions to the observed effects caused in the sedi-
ment extracts remained unconfirmed. 
This study aims to identify individual mutagenic compounds in three primary medium po-
lar and one primary nonpolar fraction of the Bitterfeld and Most extracts, respectively, and 
to confirm their contribution to the mutagenic potency of the sediment. For this purpose, 
polar and nonpolar mutagenic primary fractions were subjected to secondary and tertiary 
fractionation steps according to their lipophilicity and planarity using reversed phase (RP)- 
and normal phase (NP)- liquid chromatography, respectively. All fractions were screened 
for their mutagenic potencies in the Ames fluctuation assay. In the previous study the most 
widely used strains TA98 and TA100 have been used, which are sensitive to compounds 
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causing frameshift and base pair mutations, respectively [5]. Since strain TA98 indicated 
greater mutagenicity for all sediment extracts and fractions compared to TA100 the present 
study applied only diagnostic strains detecting frameshift mutations such as TA98, 
YG1024 and YG1041.  
Tester strains YG1024 and YG1041 were applied to characterise the contribution of aro-
matic amines and nitroaromatic compounds to mutagenicity since these compound groups 
contain typical potent mutagenic sediment contaminants. YG1041 overproduces nitrore-
ductase and N-hydroxylamine O-acetyltransferase (OAT) [6] while YG1024 only overpro-
duces OAT [7]. The formation of N-hydroxylamine from nitroaromatic compounds is cata-
lysed by nitroreductase [8] and for both strains acetylation of the N-hydroxylamine is a 
crucial metabolic step in the formation of the directly mutagenic agent [9]. All strains were 
applied with and without external metabolic activation by S9. Mutagenic subfractions were 
analysed for target analytes and unknowns using HPLC-MS/MS and GC-MS/MS tech-
niques. Detected mutagens were quantified and their mutagenic potencies were compared 
with those of the respective fraction to confirm their mutagenic input.  
3.2.3 Materials and Methods 
3.2.3.1 Chemicals 
Toluene, acetic acid, dimethylsulfoxid (DMSO) p.a. and HPLC-grade hexane (HX), dich-
loromethane (DCM), acetone, methanol (MeOH) and acetonitrile (ACN) were obtained 
from Merck (Darmstadt, Germany), benzofluoranthenes, benzo[a]pyrene D12, di-
benz[a,j]acridine and 2,2’,4,4’,5,5’-hexachlorobiphenyl from Promochem (Wesel, Germa-
ny). Benzo[a]pyrene and hexachlorobenzene were purchased from Riedel-de-Haën (Seel-
ze, Germany), benzo[e]pyrene, fluoranthene, 1-nitropyrene, benz[a]anthracene-7,12-dione, 
carbazole and N-phenyl-2-naphthylamine from Sigma-Aldrich (Deisenhofen, Germany). 
Perylene, thiourea, brenzcatechine, biphenyl and nitrobenzene were supplied by Fluka 
(Buchs, Switzerland), 2,2’,3,3’,4,4’,5,5’,6,6’-decachlorobiphenyl by Ehrenstorfer (Augs-
burg, Germany). 2-Methylanthraquinone was obtained from TCI (Antwerp, Belgium), an-
thraquinone from Ultra Scientific (Wesel, Germany) and 9-fluorenone from Lancaster 
(Ward Hill, MA, USA). All other standard compounds were purchased from Chiron 
(Trondheim, Norway).  
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3.2.3.2 Sample collection, sample preparation and primary normal phase 
fractionation 
A scheme of the sample preparation procedure is shown in Figure 3.7.  
 
B14-6-1 to B14-6-12 
B14-7a-1 to B14-7a-12 
B14-7b-1 to B14-7b-12 
B14-8-1 to B14-8-12 
B14-10-1 to B14-10-12 
B13-1 to B13-14 
B14-1 to B14-15 
B15-1 to B15-17 
 
 
 
 
Secondary fractionation (RP-separation on C18) 
M10 (coelution of PAHs with five aromatic rings)                      B13-B15 (medium polar compounds) 
Tertiary fractionation (NP-separation on pyrenyl column) 
 B13-6, -7   B14-6 to B14-8, B14-10   B15-9 to B15-13 
Primary fractionation 
(NP-fractionation on three connected columns) 
Sieved sediment ≤ 63 μm 
Accelerated Solvent Extraction (ASE)  
solvents: dichlormethane, acetone 
Accelerated membrane-assisted clean-up (AMAC) 
F1-F5 
Aliphatic, substituted and non-
substituted mono- and diaromatic 
compounds, PCBs, PCNs, PCDD/Fs 
F6-F12 
PAHs with increasing number of 
aromatic carbons (C12-C24), 
alkyl-, penta-fused PAHs, 
heterocyclic S-, O-PACs 
F13-F18 
Compounds with increasing polarity, e.g. 
nitro-, oxy-, hydroxyl-PAHs, (hydroxyl-) 
quinones, N-heterocyclic PACs  
B15-9-1 to B15-9-12 
B15-10-1 to B15-10-12 
B15-11-1 to B15-11-12 
B15-12-1 to B15-12-12 
B15-13-1 to B15-13-12 
B13-6-1 to B13-6-13 
B13-7-1- to B13-7-12 
M10-1 to M10-11 
non-polar compounds 
 
polar compounds 
 
Figure 3.7: Scheme of the sample preparation procedure. NP: Normal phase, RP: reversed 
phase, F: fraction, PCBs: polychlorinated biphenyls, PCNs: polychlorinated naphthalenes, 
PCDD/Fs: polychlorinated dibenzo-p-dioxins and furans, PAHs: polycyclic aromatic hy-
drocarbons, PACs: polycyclic aromatic compounds, M: Most, B: Bitterfeld. 
Samples were collected, extracted, cleaned-up and fractionated by NP-fractionation as de-
scribed in Chapter 2. Reconstituted samples consisted of equal amounts of each associated 
subfraction. Standard mixtures containing equal amounts of compounds quantified in a 
fraction are referred to as artificial mixtures. 
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3.2.3.3 Secondary fractionation (RP-HPLC) 
For secondary fractionation B13 to B15 and M10 were dissolved in ACN and further sepa-
rated by RP-HPLC using an HPLC system (ProStar 210, Varian Analytical Instruments, 
Darmstadt, Germany) equipped with a diode array detector operated from 250 nm to 400 
nm and a fraction collector. Compounds were separated on a C18 stationary phase (Nucle-
osil 100-5 C18 HD, 250x21 mm, Macherey-Nagel, Düren, Germany) using ACN and a 
buffer solution (0.05% CH3COONH4/acetic acid, pH 4.75) as mobile phases at a flow rate 
of 10 ml min-1. 
Fractionation windows and gradient programs are presented in Table 3.3 and Table 3.4.  
 
Table 3.3: Gradient programs and solvent compositions used for reversed phase (RP)-
fractionation. ACN: acetonitrile. The buffer solution with 0.05% CH3COONH4/acetic acid, 
pH 4.75 adds up to 100% solvent composition. 
RP gradient 
 
Time Gradient 
[min] from (% ACN) to (% ACN) 
A 
 
 
B 
 
 
C 
 
0-90 
90.01-110 
110.01-150 
0-70 
70.01-90 
90.01-120 
0-60 
60.01-90 
20 
50 
100 
30 
60 
100 
40 
100 
50 
100 
100 
60 
100 
100 
100 
100 
 
Gradients were optimized for each primary fraction. The more polar fraction B15 was sep-
arated with a slow gradient starting with 20% ACN while the less polar fractions B14 and 
M10 started with faster gradients and 30% and 40% ACN, respectively. Finally columns 
were flushed with ACN to avoid memory effects. Fractionation windows were chosen ac-
cording to the occurrence of peaks. After a first screening fraction B14-7 was divided into 
two subfractions (B14-7a, B14-7b) due to its high mutagenic potency. 
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Table 3.4: Fractionation windows and gradients used for the reversed phase (RP)-
fractionation of active primary fractions. M: Most, B: Bitterfeld. See Table 3.3 for RP-
gradients. 
Primary fraction M10 B13 B14 B15 
RP gradient C B B A 
Secondary fraction time [min] 
1 0-10 0-11 0-10.8 0-10.5 
2 -15 -22.5 -18.8 -22.5 
3 -31 -30.5 -25 -31 
4 -34 -37.5 -33 -36 
5 -39 -40.5 -36.8 -43 
6 -41.5 -46 -40.5 -46 
7 
 
-45 
 
-59.1 
 
7a -44 
7b -48.5 
-49.5 
 
8 -51 -70.6 -56 -53 
9 -57 -82.3 -60 -57.95 
10 -65 -86 -72 -61.9 
11 -90 -90 -88 -70 
12  -97.5 -95 -82 
13  -125 -113 -93 
14  -150 -132 -99.5 
15   -140 -115 
16    -126 
17    -140 
 
Fractions obtained from RP-HPLC were re-extracted from the aqueous solution by solid 
phase extraction (SPE) using 60 mg of a mixed-mode solid phase consisting of polysty-
rene-divinylbenzene (Chromabond Easy, Macherey-Nagel, Düren, Germany) and 200 mg 
of an end-capped C18 stationary phase (Discovery DSC-18, Supelco, Taufkirchen, Germa-
ny). Prior to extraction stationary phases were rinsed with 5 ml HX, DCM, ACN and buff-
er solution, respectively. To prevent breakthrough of analytes fractions were diluted with 
the buffer solution to an ACN/buffer ratio of 0.05. A maximum of 1 L of the obtained 
buffer-ACN solution was extracted per cartridge. During extraction cartridges and sample 
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vessels were covered with aluminium foil to avoid light induced decomposition of sub-
stances. After extraction of the first fraction (F1A, acidic fraction) of F13 to F15 the sam-
ple pH was adjusted to 10 with sodium hydroxide and extracted again (F1B, alkaline frac-
tion). Cartridges were freeze-dried for at least 24 h and eluted with 5 ml HX, 10 ml DCM 
and 10 ml ACN, respectively. To ensure a proper re-extraction recovery experiments with 
a broad range of compounds were carried out before extraction of sediment fractions (data 
not shown). 
3.2.3.4 Tertiary fractionation (NP-HPLC) 
For tertiary fractionation, selected secondary fractions of the Bitterfeld extract were dis-
solved in HX and separated on a pyrenyl-bonded silica stationary phase (250x10mm, 5 µm 
Cosmosil PYE, average pore diameter 120 Å, Nacalai Tesque, Kyoto, Japan) in NP-mode 
using HX and DCM as mobile phases. This stationary phase is expected to provide a spe-
cific selectivity for aromatic compounds based on charge-transfer and π-π-interactions de-
pending on electron distribution and planarity. A gradient elution program was applied 
starting with 100% HX held for 10 min, followed by a gradient to 15% DCM in 20 min 
and to 100% DCM in 30 min, which was held for another 30 min. Fractionation windows 
were chosen according to the occurrence of peaks. Selected secondary fractions and frac-
tionation windows are shown in Table 3.5.  
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Table 3.5: Secondary fractions chosen for the normal phase (NP)2 fractionation step and 
selected fractionation windows. B: Bitterfeld. 
Primary fraction B13- B14- B15- 
Secondary fraction 6 7 6 7a 7b 8 10 9 10 11 12 13 
Tertiary fraction time [min] 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
0-3 
-9 
-15.8 
-19.7 
-22.4 
-28.5 
-34.5 
-38.7 
-43.7 
-52 
-60 
-70 
-90 
0-3.8 
-9 
-15 
-19.7 
-26 
-32 
-38 
-44 
-52 
-60 
-70 
-90 
0-2.5 
-8 
-16.5 
-21 
-26.2 
-32 
-38 
-44.3 
-48.9 
-60 
-70 
-90 
0-2.8 
-9.8 
-16.8 
-21.5 
-28.5 
-33.3 
-36.7 
-42.4 
-50 
-60 
-70 
-90 
0-6 
-12 
-18 
-22.5 
-27 
-30.5 
-36.4 
-42 
-50 
-60 
-70.3 
-90 
 
0-3 
-10 
-15.5 
-20.4 
-24.1 
-29.5 
-34.2 
-38.1 
-44 
-56 
-70 
-90 
0-3 
-13.2 
-20.8 
-26 
-31.8 
-36.3 
-40.3 
-44 
-50 
-60 
-70 
-90 
0-2.5 
-8 
-13 
-20 
-26.2 
-32 
-38 
-41.5 
-52 
-60 
-70 
-90 
0-2.5 
-14 
-21 
-28.5 
-32.6 
-36.2 
-40 
-44 
-52 
-60 
-70 
-90 
0-2.9 
-11 
-17 
-24.3 
-30 
-36.5 
-41.8 
-46 
-52 
-60 
-70 
-90 
0-3 
-11 
-20 
-25 
-30 
-36.5 
-39.9 
-42.5 
-48 
-60 
-70 
-90 
0-3.5 
-10 
-16 
-22 
-26 
-32 
-38.2 
-41.1 
-46.5 
-56 
-70 
-90 
 
 
3.2.3.5 Mutagenicity test – Ames fluctuation assay 
The Ames fluctuation assay was performed with tester strain TA98 with and without meta-
bolic activation as described earlier [5]. The Ames MPFTM fluctuation assay using tester 
strains YG1024 and YG1041 was carried out as described elsewhere [10]. Both test sys-
tems are very similar and have been tested to provide congruent results (data not shown). 
Concentrations are given as assay concentrations in the 24-well plates. Samples were 
screened for mutagenic effects in the Ames fluctuation assay using TA98 at a test concen-
tration of 400 mg sediment equivalents (SEQ) ml-1 (secondary fractions) and  
800 mg SEQ ml-1 (tertiary fractions), respectively. Samples were considered mutagenic if 
effects were higher than the baseline according to the equation BL=MVK- + 2SDK- where 
BL is the baseline, MV: arithmetic mean of positive wells of three replicates, SD: standard 
deviation and K-: mean value of positive wells of negative control. Concentration-response 
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curves were determined for selected mutagenic fractions and parent and reconstituted sam-
ples at concentrations from 1.2 mg SEQ ml-1 to 800 mg SEQ ml-1 and dilution factors of 2 
and 3. Mutagenic effects are expressed as number of positive wells (max. 48). Quantitative 
assessment of mutagenic potencies of fractions and confirmation of candidate compounds 
as well as determination of recoveries and comparison of potencies between different 
strains were based on the slopes of the initial linear part of concentration-response curves 
and expressed as revertant wells per g sediment equivalent per ml (rev/g SEQ ml-1). 
3.2.3.6 Chemical analysis 
Secondary and tertiary fractions were analysed using GC-MS and LC-MS/MS methods. 
Target analytes were positively identified and quantified using standard compounds. Non-
target analytes were tentatively identified using GC-MS spectra library [11] and as de-
scribed in detail elsewhere [12].  
GC-MS. A gas chromatograph (GC, Agilent 6890, Agilent technologies, Santa Clara, CA, 
USA) coupled to a mass selective detector (MS, Agilent 5973) was equipped with an au-
tosampler (Agilent Series 7683) and an HP5MS fused silica capillary column (35 m x 0.25 
mm i.d., 0.25 μm, Agilent) with helium as carrier gas at a constant flow rate of  
1.3 ml min-1. Aliquots of 1 μl of sample were injected in splitless mode at 250°C injector 
temperature. When used in scan mode, the oven temperature was as follows: 60°C to 
150°C at 30°C min-1, then 6°C min-1 up to 186°, followed by 4°C min-1 to 280°C and held 
for 21.5 min. When used in selected ion monitoring (SIM) mode, the oven temperature was 
set from 50°C to 300°C at 4°C min-1, held for 6.5 min. Fractions were dissolved in toluene 
to a concentration of 25 g SEQ ml-1 (secondary fractions) and 50 g SEQ ml-1 (tertiary frac-
tions) and analysed using GC-MS in scan mode. PAHs contained in fractions M10-5 to 
M10-7 were quantified in SIM mode using standard mixtures and five point calibrations. 
Concentrations of standard mixtures depended on the concentration of each analyte and 
ranged from 0.5 μg ml-1 to 30 μg ml-1. In each case, benzo[a]pyrene D12 was used as in-
jection standard.  
LC-MS/MS. Chromatographic separations were performed on an HPLC system equipped 
with a Surveyor MS pump and Surveyor autosampler (Thermo Electron, San Jose, CA, 
USA) and a polymeric RP column (Supelcosil LC-PAH, 250 x 2.1mm, 5 μm, 120 Å, 
Supelco). A gradient elution program using water with 5% (v/v) methanol (A) and metha-
nol (B) at a flow rate of 200 µl/min was applied starting with 40% B, held for 2 min and 
ramped to 100% B in 36 min, which was held for another 8 min and followed by equilibra-
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tion. The column oven was set to 40°C. Injection volume was 5µL. Detection was per-
formed on a linear trap quadrupole (LTQ) fourier transform ion cyclotron resonance 
(FTICR)-MS (Thermo Electron, Bremen, Germany) equipped with an atmospheric pres-
sure chemical ionisation (APCI) source as described in detail elsewhere [12, 13].  
Secondary and tertiary fractions were diluted in MeOH to a final concentration of 33 g 
SEQ ml-1 and 268 g SEQ ml-1, respectively, and analysed for 53 target compounds repre-
senting nitro-PAHs, amino-PAHs, azaarenes, hydroxy-PAHs, keto-PAHs, quinones, and 
hydroxyquinones. Quantification was based on five-point calibrations with concentrations 
ranging between 2 ng ml-1 and 200 ng ml-1. Each standard solution was injected three 
times. 
3.2.4 Results and Discussion 
3.2.4.1 Mutagenicity assessment 
In a first step, primary fractions B13, B14, B15 and M10, secondary fractions, tertiary frac-
tions of most potent secondary fractions as well as recombined mixtures have been 
screened for mutagenicity with TA98 in only one test concentration (400 mg SEQ ml-1 and 
800 mg SEQ ml-1, respectively), Figure 3.8, Figure 3.9) to select potent fractions for fur-
ther effect assessment and chemical analysis. Subsequently, primary fractions B13 to B15 
and M10, secondary and tertiary fractions thereof as well as recombined mixtures were 
subjected to quantitative effect assessment applying concentration-response relationships 
(Figure 3.10, Figure 3.11). Mutagenic potencies were quantified as slopes of the initial 
linear part of concentration-response curves as rev/g SEQ ml-1.  
Highest mutagenic potencies were observed for secondary fractions of the strongly muta-
genic medium polar primary fractions B14 and B15 especially for B14-6 to B14-8 and 
B14-10 and B15-9 to B15-13 (Figure 3.8) with mutagenic responses up to 169 rev/g SEQ 
ml-1 (Figure 3.10). Secondary fractions of B13 were less mutagenic with responses up to 43 
rev/g SEQ ml-1 for subfractions B13-6 and B13-7. Mutagenic responses up to  
64 rev/g SEQ ml-1 were detected for secondary fractions of the nonpolar M10 which were 
mutagenic with (M10-5, M10-6) as well as without (M10-5, M10-7) metabolic activation. 
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Figure 3.8: Mutagenicity patterns of secondary fractions of Most and Bitterfeld sediment 
extracts and their parent (par) and reconstituted (rec) samples determined in the Ames fluc-
tuation assay using TA98 without (white) and with (black) metabolic activation at a con-
centration of 400 mg SEQ ml-1. M: Most, B: Bitterfeld. Fraction 1A: acidic fraction, 1B: 
alkaline fraction. Mutagenic fractions are marked by an asterisk. 
Due to the chemical complexity of secondary fractions of B13, B14 and B15 fractions 
were subjected to tertiary fractionation (Figure 3.9). Mutagenic effects were recovered 
mainly in tertiary fractions of fractions 8 to 10 of B14-6 to B14-8 and 9 to 12 of B15-9 to 
B15-13 as well as B14-10-5 to B14-10-9 with responses up to 239 rev/g SEQ ml-1 (Figure 
3.11). Subfractions of B13-6 and -7 were non- or only weakly mutagenic and mutagenic 
effects of B13-7 were distributed over several fractions.  
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Figure 3.9: Mutagenicity patterns of tertiary fractions of Most and Bitterfeld sediment ex-
tracts and their parent (par) and reconstituted (rec) samples determined in the Ames fluctu-
ation assay using TA98 without (white) and with (black) metabolic activation at a concen-
tration of 800 mg SEQ ml-1. M: Most, B: Bitterfeld. Mutagenic fractions are marked by an 
asterisk. 
Assuming response additivity [14], for primary and secondary fractions the responses of 
parent fractions (index par) derived from the initial linear slope of the concentration-
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response curve were compared to the responses of recombined mixtures of all subfractions 
thereof (index rec) and to the mathematical sum of responses of mutagenic subfractions 
only (index add) as a recovery control and to indicate possible antagonistic or synergistic 
effects. Antagonistic and synergistic effects in complex mixtures are a frequent observation 
[15] that may confound quantitative confirmation in EDA.  
Recoveries Frec of mutagenic effects of secondary fractions ranged from 60% to 108% 
(Figure 3.10) when compared to Fpar except for B14 with (29%) and M10 without meta-
bolic activation (40%). The very similar responses of Frec and Fadd except for B13 with-
out metabolic activation indicate response additivity for fractions and reconstituted mix-
tures. The mutagenic activity of B13add without metabolic activation was about 2.5 times 
higher than the response of B13rec suggesting antagonistic effects in this fraction. 
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Figure 3.10: Mutagenic responses of primary parent (par) and reconstituted (rec) Most and   
Bitterfeld sediment extracts, summed responses of mutagenic secondary fractions (add) 
with (black) and without (white) metabolic activation and responses of secondary fractions 
with (dark grey) and without (dotted) metabolic activation. 
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Figure 3.11: Mutagenic responses of secondary parent (par) and reconstituted (rec) Most 
and Bitterfeld fractions, summed response of mutagenic tertiary fractions (add) with 
(black) and without (white) metabolic activation and responses of tertiary fractions with 
(dark grey) and without (dotted) metabolic activation. 
Recoveries Frec ranged between 68% and 282% for most of the tertiary fractions without 
metabolic activation and between 61% and 172% with metabolic activation when com-
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pared to Fpar except fractions B14-8, B14-10 and B15-12 with recoveries between 10% to 
51% (Figure 3.11). The number of mutagenic tertiary fractions and their potencies were 
much higher without (up to 239 rev/g SEQ ml-1) than with (up to 20 rev/g SEQ ml-1) meta-
bolic activation. 
For fractions B14-6, B14-7a, B14-7b, B15-9 and B15-13 very similar responses of Frec 
and Fadd determined without metabolic activation suggest response additivity for fractions 
and recombined mixtures. Recoveries exceeding 100% were observed for e.g. B15-9, B14-
6 and B14-7a without metabolic activation and B14-7b and B15-13 with activation. Com-
pounds masking mutagenic effects due to cytotoxicity, inhibition of biochemical processes 
in the cells or S9 enzymes activity, or by reducing bioavailability [16-18] may have been 
removed by precipitation during the necessary solvent exchange prior to fractionation. Re-
coveries Frec of 36% to 51% were determined for B14-8 without and B15-12 with meta-
bolic activation, respectively, when compared to Fpar. For B14-10 and B15-12 without 
metabolic activation recoveries Frec were about 10%. In contrast, additive recoveries Fadd 
were much higher than Frec for B14-8 (179%, -S9), B14-10 (53%, -S9) and B15-12 (85%, 
-S9) suggesting the presence of suppressing compounds in Frec and Fpar. Although muta-
genicity of some potent secondary fractions was recovered in the reconstituted samples 
Frec after metabolic activation no or only weakly mutagenic tertiary fractions were deter-
mined for e.g. B13-6, B14-6 and B14-7b after metabolic activation possibly due to syner-
gistic effects occurring in parent and reconstituted samples. Only for tertiary fractions of 
B14-8, B14-10, B15-12 and B15-13 concentration-response curves could have been rec-
orded and additive recoveries ranged between 6% (B15-12) and 76% (B14-10) when com-
pared to Fpar.  
3.2.4.2 Analytical compound identification 
Fractions M10-5 to M10-7 contained alkylated and parent mutagenic PAHs with five fused 
rings, e.g. benzo[a]pyrene and monomethylbenzo[a]pyrenes as well as cyclopentafused 
benzofluoranthenes at concentrations up to 1120 ng g-1 SEQ (Table 3.6). In subfractions of 
B13, B14 and B15 several aromatic ketones and quinones, hydroxy-, nitro- and dinitro-
PAHs and azaarenes and other substances were detected. 3-Nitrobenzanthrone was detect-
ed in concentrations up to 0.06 ng g-1 SEQ in fractions B14-6 and B15-9. 1,3-, 1,6- and 
1,8-dinitropyrene were detected in the highly mutagenic subfractions 9 and 10 of B14-6, 
B14-7a and B15-9 at concentrations up to 2.1 ng g-1 SEQ. 3-Nitrobenzanthrone and di-
nitropyrenes have been reported to be among the strongest known mutagens in the Ames 
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test [19] and have been made responsible for large shares of mutagenicity in soil extracts 
[20]. Additionally, a number of weakly mutagenic keto-PAHs, quinones and parent and 
oxygenated azaarenes such as 7H-benz[de]anthracene-7-one, 6H-cyclopenta[cd]pyrene-6-
one, benzo[a]fluorene-11-one, benz[a]anthracene-7,12-dione, benzo[a]-, benzo[c]- and 
dibenzo[a,j]acridine were detected in mutagenic secondary and tertiary subfractions. Alt-
hough some of these compounds have been reported to be mutagenic TA98 shows no or 
only low sensitivity towards these compounds. 
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Table 3.6: Compounds tentatively (T) and positively (P) identified (id) in secondary (sec) and tertiary (tert) fractions (F) using GC-MS (1) and 
LC-MS/MS (2) analytical methods (meth). M: Most, B: Bitterfeld, conc: concentration in ng g SEQ-1, nq: not quantified. The number in 
squared brackets gives the number of detected isomers. Mutagenic activity (mut) was reported as positive (+), negative (-) or inconclusive (?) 
towards strain TA97, TA98 and/or TA100 with or without metabolic activation towards the compound or a structurally related isomer (*). 
Sec. F Compound  id meth conc mut Citation Tert. F Compound  id meth conc  mut Citation 
M10-5 benzo[b]fluoranthene P 1 1120 + [21] 
 benzo[j]fluoranthene P 1 510 + [15] 
 benzo[k]fluoranthene P 1 590 + [21] 
 benzo[a]fluoranthene P 1 170   
 benzo[e]pyrene P 1 860 - [22] 
 perylene P 1 180 + [22] 
 6-methylbenzo[a]pyrene P 1 3.3 + [23] 
M10-6 benzo[b]fluoranthene P 1 20 + [21] 
 benzo[k]fluoranthene P 1 40 + [21] 
 benzo[e]pyrene P 1 20 - [22] 
 benzo[a]pyrene P 1 480 + [24] 
 6- methylbenzo[a]pyrene P 1 3.6 + [23] 
 10-methylbenzo[a]pyrene P 1 2.9 + [23] 
 MW 278 P 1 nq   
M10-7 benzo[a]pyrene P 1 20 + [24] 
 6-methylbenzo[a]pyrene P 1 1.7 + [23] 
 10-methylbenzo[a]pyrene P 1 1.6 + [23] 
 MW 264, 278   1 nq  [23] 
M10-8 1-/3-methylbenzo[a]pyrene P 1 2.1 + [23] 
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Table 3.6 continued. 
Sec. F Compound  id meth conc mut Citation Tert. F Compound  id meth conc  mut Citation 
 10-methylbenzo[a]pyrene P 1 2.9 + [23] 
 MW 278, 280, 282, 284, 292  1 nq   
B13-6 benzo[a]anthracene-7,12-dione T 1 nq - [25] 
 7H-benzo[de]anthracene-7-one T 1 nq + [26] 
 acetophenone T 1 nq - [27] 
 benzo[a]fluorene-11-one T 1 nq + [28] 
 2-chloromethylbenzanilide T 1 nq   
B13-7 methyl-11H-benzo[a]fluorene-
11-one 
T 1 nq   
 DDD T 1 nq   
B13-8 benzofluoranthenes  T 1 nq + [15] 
B13-9 MW 278  1 nq   
B14-6 3-nitrobenzanthrone P 2 0.003 + [19] B14-6-9 1,8-dinitropyrene P 2 0.4 + [29] 
 1,6-dinitropyrene P 2 2.1 + [29]  1-hydroxypyrene P 2 0.4 - [30] 
 1,8-dinitropyrene P 2 0.8 + [29] B14-6-10 1-hydroxypyrene P 2 0.2 - [30] 
 benzo[a]anthracene-7,12-dione T 1,2 nq - [25]  1,6-dinitropyrene P 2 1.5 + [29] 
 benzo[a]fluorene-11-one T 1 nq +* [28]  naphthtalenedione T 1 nq - [31] 
 2-methylanthraquinone P 2 nq - [31]  naphthalenol T 1 nq - [32] 
 dimethylanthraquinone T 1 nq          
 ethylanthraquinone T 1 nq          
 hydroxypyrene T 1 nq - [30]        
 trimethylcarbazole T 1 nq          
 dimethyl-9H-fluorene-9-one T 1 nq          
 4,4-dichlorobenzophenone T 1 nq - [22]        
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Table 3.6 continued. 
Sec. F Compound id meth conc mut Citation Tert. F Compound  id meth conc mut Citation 
B14-7a 1,3-dinitropyrene P 2 0.6 + [29] B14-7a-8 1-hydroxypyrene P 2 2.1 - [30] 
 1,6-dinitropyrene P 2 0.2 + [29]  dimethoxyanthracene T 1 nq   
 6-aminochrysene P 2 1.9 + [33]  1-acetylpyrene T 1 nq   
 benzo[a]fluorene-11-one T 1 nq +* [28] B14-7a-9 1,3-dinitropyrene P 2 0.3 + [29] 
 benzo[a]anthracene-7,12-dione T 1,2 nq - [25]  
cyclopen-
ta[def]phenanthrenone 
T 1 nq   
 anthraquinone P 2 nq - [25]  dimethylanthraquinone T 1 nq   
 9-fluorenone P 2 nq    
benzo[a]anthracene-7,12-
dione 
T 1 nq - [25] 
       
 1-acetylpyrene T 1 nq   
B14-7a-10 1,6-dinitropyrene P 2 0.1 + [29] 
 methoxychlor T 1 nq - [34] 
 benzofluorenone [1]  T 1 nq + [28] 
B14-7b benzo[c]acridine P 2 1.1 + [21] 
B14-7b-8 benzo[a]anthracene-7,12-
dione 
P 2 0.7 - [25] 
 1-nitropyrene P 2 1.9 + [35] 
B14-7b-9 benzo[a]anthracene-7,12-
dione 
P 2 0.6 - [25] 
 benzo[a]anthracene-7,12-dione T 1,2 nq - [25]  benzo[c]acridine P 2 0.6 + [21] 
 methylbenzofluorenone T 1 nq   
B14-7b-10 benzo[a]anthracene-7,12-
dione 
P 2 0.5 - [25] 
 benzofluorenone T 1 nq + [28]  benzo[c]acridine P 2 0.1 + [21] 
 2-methylanthraquinone P 2 nq - [31]        
B14-8 benzo[c]acridine P 2 0.3 + [21] B14-8-8 dihydrotrimethylquinoline T 1 nq   
 benzo[a]anthracene-7,12-dione T 1,2 nq - [25] 
 
N-(1-methylethyl)-N’-
phenyl-1,4-benzenediamine 
T 1 nq   
 methyl-benzo[a]fluorene-11-one T 1 nq   
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Table 3.6 continued. 
Sec. F Compound id meth conc mut Citation Tert. F Compound  id meth conc mut Citation 
 9-cedronone T 1 nq    benzothiazole T 1 nq   
 2-methylanthraquinone P 2 nq - [31]  dimethyl-1H-indole T 1 nq   
 6H-benzo[cd]pyrene-6-one P 2 nq ? [26, 28]  o-terphenyl T 1 nq   
       B14-8-9 (1,1’:3’,1’’-terphenyl)-2’-ol T 1 nq   
        benzopyrenone [2] T 2 nq ? [26, 28] 
        hydroxybenzo[a]pyrene [4] T 2 nq + [36] 
       B14-8-10 hydroxybenzo[a]pyrene [2] T 2 nq + [36] 
B14-10 dibenzo[a,j]acridine P 2 0.02 + [32] B14-10-5 1-hydroxypyrene P 2 2.6 - [30] 
 3-hydroxybenzo[a]pyrene P 2 0.2 + [32]  6-nitrobenzo[a]pyrene  P 2 0.6 + [32] 
 6-nitrobenzo[a]pyrene P 2 1.2 + [32]  hydroxybenzo[a]pyrene [2] T 2 nq + [36] 
 
4-octyl-N-(4-octylphenyl-) ben-
zeneamine 
T 1 nq   B14-10-6 1-hydroxypyrene P 2 0.1 - [30] 
        nitrobenzo[a]pyrene [1] T 2 nq + [37] 
 anthraquinone P 2 nq - [25]  hydroxybenzo[a]pyrene [2] T 2 nq + [36] 
 benzo[a]anthracene-7,12-dione P 2 nq - [25] B14-10-7 nitrobenzo[a]pyrene [2] T 2 nq + [37] 
 anthanthrone P 2 nq    hydroxybenzo[a]pyrene [1] T 2 nq + [36] 
 9-fluorenone P 2 nq   B14-10-8 2-chloro-5-nitrobenzeneamine T 1 nq   
        
cyclopenta[def]phe-
nanthrenone 
T 1 nq   
        nitrobenzo[a]pyrene [1] T 2 nq + [37] 
        hydroxybenzo[a]pyrene [1] T 2 nq + [36] 
       B14-10-9 anthanthrone [1] T 2 nq   
        hydroxybenzo[a]pyrene [1] T 2  + [36] 
B15-9 3-nitrobenzanthrone P 2 0.06 + [19] B15-9-9 1,8-dinitropyrene P 2 0.4 + [29] 
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Table 3.6 continued.             
Sec. F Compound id meth conc mut Citation Tert. F Compound  id meth conc mut Citation 
 1,8-dinitropyrene P 2 0.2 + [29]  1-hydroxypyrene P 2 0.4 - [30] 
 benzo[a]acridine P 2 0.8 ? [21]  7-nitrobenzo[a]anthracene T 2 nq + [29] 
 alpha-cadinol T 1 nq    benzoacridine [1] T 2 nq + [21] 
 benzo[a]fluorene-11-one T 1 nq +* [28]  azabenzo[a]pyrene [1] T 2 nq + [38] 
 benzocarbazole T 1 nq    nitrobenzanthrone [1] T 2 nq + [19] 
 anthraquinone P 2 nq - [25]  benzopyrenone [1]   nq ? [26, 28] 
 benzo[a]anthracene-7,12-dione P 2 nq - [25] B15-9-10 carbazole P 2 nq   
 cyclopenta[cd]pyrene-3[4H]-one P 2 nq    7-nitrobenzo[a]anthracene P 2 nq + [29] 
 6H-benzo[cd]pyrene-6-one P 2 nq ? [26, 28]  benzopyrenone [2] T 2 nq ? [26, 28] 
       
B15-10-9 cyclopen-
ta[def]phenanthrenone 
T 1 nq   
B15-12 benzo[c]acridine P 2 1.6 + [21] B15-12-10 anthanthrone P 2 0.3   
 3-hydroxybenzo[a]pyrene P 2 15.3 + [32]  anthanthrone [1] T 2 nq   
 6-aminobenzo[a]pyrene P 2 4.2 + [39]  azabenzo[a]pyrene [1] T 2 nq + [38] 
 benzo[a]anthracene-7,12-dione P 2 nq - [25]        
 anthanthrone[1] T 2 nq          
B15-13 benzo[c]acridine P 2 0.004 + [21] B15-13-10 anthanthrone [2] T 2 nq   
 benzo[a]anthracene-7,12-dione P 2 nq - [25]  aminochrysene [1] T 2 nq + [33] 
       B15-13-11 acetophenone T 1 nq - [27] 
3 EDA of contaminated sediments 
108 
3.2.4.3 Mutagen identification via metabolic pathways 
For a further characterisation of mutagenic compounds contained in highly mutagenic frac-
tions, tester strains YG1041 and YG1024 which overexpress O-acetyltransferase and O-
acetyltransferase and nitroreductase, respectively [40], were exposed to tertiary fractions of 
B14 and B15 (Figure 3.12). Both strains are derivatives of TA98 but are more sensitive to 
nitroarenes and aromatic amines without and with metabolic activation, respectively [41]. 
For 1,8-dinitropyrene Hagiwara et al. demonstrated a 20-fold higher response in YG1024 
and an even 40-fold enhanced response in YG1041 compared to TA98 [6]. In our study a 
5fold higher response was determined in YG1024 for B14-8-9 and B14-8-10 after activa-
tion. Hydroxybenzo[a]pyrene isomers that were reported to cause mutagenic effects were 
found in these fractions (Table 3.6). Highly mutagenic fractions F14-6-9, F14-6-10, F14-
7a-9, F14-7a-10 and B15-9-9, where highly mutagenic dinitropyrene isomers were detect-
ed, exhibited 4- to 6-fold higher response with YG1024. Interestingly with YG1041 hardly 
any greater response was found for the dinitropyrene dominated tertiary fractions of F14-6 
and F14-7a. This is in contradiction to expectations from standard compounds and suggests 
that other compounds present in the fractions may suppress the mutagenic response. Over-
expression of enzymes such as nitroreductase may lead to the formation of non-mutagenic 
compounds out of mutagenic compounds or stimulate the generation of toxic products re-
ducing growth and counteracting the mutagenic response. This phenomenon has been ob-
served for example for N-nitroso compounds [42] and may be an explanation for the find-
ings in this study. The response of B14-10-6 increased 23fold with YG1041 without acti-
vation and 4 to 5fold increases were observed for B14-10-6 and B14-10-7, B15-12-10 and 
B15-13-10 after metabolic activation. While in fractions  
B14-10-6 and B14-10-7 nitrobenzo[a]pyrene isomers were detected B15-12-10 and B15-
13-10 contained azabenzo[a]pyrene and aminochrysene, respectively. Mutagenic responses 
were reported for some isomers of these compounds. Responses of some fractions such as 
B14-7a-8 and B14-10-8 did not show any increase in either strains, suggesting that neither 
nitro-PAHs nor amino-PAHs played a major role in these fractions.  
According to these findings we hypothysed that mainly PAHs, nitro-, dinitro- and amino-
PAHs contribute to mutagenicity while fractions B14-7a-8 and B14-10-8 are likely to con-
tain major mutagens from other compound groups. Thus, in the next step selected com-
pounds and fractions were subjected to quantitative mutagen confirmation. 
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Figure 3.12: Response ratios of Salmonella strains YG1024/TA98 without (white) and with 
(black) metabolic activation and YG1041/TA98 without (dotted) and with (shaded) meta-
bolic activation. 
3.2.4.4 Quantitative mutagen confirmation 
For confirmation of individual toxicants as cause of mutagenicity in fractions full concen-
tration-response relationships were generated for fractions and compounds or compound 
mixtures. Quantitative confirmation was based on the slopes of the initial part of concen-
tration-response curves. The artificial mixture of four benzofluoranthenes, benzo[e]pyrene 
and perylene containing concentrations in equal proportions as detected in M10-5 (Table 
3.6) exhibited a mutagenic activity after metabolic activation that exceeded the activity of 
the actual fraction by a factor of 1.8 (Table 3.7) possibly due to suppressing compounds 
present in the fraction. Approximately 49% of the mutagenic activity of the most mutagen-
ic secondary M10-subfraction M10-6 could be explained with the corresponding artificial 
mixture predominated by benzo[a]pyrene. Additional mutagenic activities in the M10 sub-
fractions might be explained by the presence of mutagenic monomethylbenzo[a]pyrenes 
such as 6-methylbenzo[a]pyrene. Interestingly, M10-5 and M10-7 exhibited mutagenic 
activity without S9 activation as well. No effects were observed for the tested artificial 
mixtures without metabolic activation, which is in agreement with the assumption that the 
identified PAHs require enzymatic activation to become mutagenic to Salmonella [43]. 
Thus, the presence of other PACs that are mutagenic without metabolic activation in M10-
5 and M10-7 such as the cyclopentafused PAHs 11H-indeno[2,1,7-cde]pyrene (MW 264) 
and dibenzofluorenes (MW 266) may be hypothesized as cause of the effects [44, 45]. 
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Table 3.7: Activities of mutagenic fractions and identified mutagens and their contribution to mutagenic effects detected in the Ames assay 
using TA98 with (Most (M) fractions) and without (Bitterfeld (B) fractions) metabolic activation. C: concentration, rev: revertants, SEQ: sed-
iment equivalents, nd: not detected. Activity (A): slope of initial part of concentration-response curve. 
Fraction Afraction 
 [rev/(g SEQ• ml-1)] 
Identified mutagens Astandards [rev/(ng • ml-1)] Cfraction [ng/g SEQ] Astandards 
[rev/g SEQ] 
Astandard/Afraction 
[%] 
M10-5 18 benzo[a/b/k]fluoranthene 
benzo[e]pyrene, perylene 
--* --* 33 183 
M10-6 80 benzo[b/k]fluoranthene 
benzo[a,e]pyrene 
--* --* 39 49 
M10-7 21 benzo[a]pyrene nd 20 nd -- 
B15-9 99 3-nitrobenzanthrone 340 0.06 20 21 
B14-6-9 179 1,8-dinitropyrene 846 0.4 338 189 
B14-6-10 239 1,6- dinitropyrene 327 1.5 491 205 
B14-7a-9 190 1,3- dinitropyrene 101 0.3 30 16 
B14-7a-10 85 1,6- dinitropyrene 327 0.1 33 39 
B15-9-9 121 1,8- dinitropyrene 846 0.4 338 280 
*No value given because standard mixtures were used. 
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3-Nitrobenzanthrone accounted for 21% of the observed effect in fraction B15-9 in the 
absence of S9 (Figure 3.13, Table 3.7) while the concentration in B14-6 was below the 
concentration causing effects in the applied assay. Mutagenicity of fractions B14-7a-9 and 
B14-7a-10 could be explained by 1,3- and 1,6-dinitropyrene by 16% and 39%, respective-
ly. Thus, probably other non-identified or non-quantified mutagens contribute to mutagen-
icity in these fractions. 1,6- and 1,8-dinitropyrene have been detected in fractions B14-6-9, 
B14-6-10 and B15-9-9. Mutagenic responses of those fractions were exceeded by those of 
individual standard compounds at corresponding concentrations by a factor of two to three. 
This might suggest antagonistic effects due to other components than identified in Table 
3.6. However, it is obvious that both dinitropyrene isomers may explain the majority if not 
all of the mutagenic effect of B14-6-9, F14-6-10 and B15-9-9. 
 
Figure 3.13: Concentration-response curves obtained in the Ames assay with tester strain 
TA98 without metabolic activation plotted by the concentration of standard compounds 
(triangle). a) 1,3-dinitropyrene and B14-7a-9 (square), b) 1,6-dinitropyrene, B14-6-10 
(square) and B14-7a-10 (circle), c) 1,8-dinitropyrene, B14-6-9 (square) and B15-9-9 (cir-
cle) and d) 3-nitrobenzanthrone and B15-9 (square). 
Efforts were made to associate mutagenicity that could not be explained by the major mu-
tagens 3-nitrobenzanthrone and dinitropyrenes to other known or expected mutagens quan-
tified in these fractions. 6-Nitrobenzo[a]pyrene, 1-nitropyrene, 6-aminobenzo[a]pyrene 
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and 6-aminochrysene as well as the weakly mutagenic benzo[a]-, benzo[c]acridine and 
dibenzo[a,j]acridine were detected in the pg g-1 SEQ and low ng g-1 SEQ level in several 
mutagenic secondary and tertiary fractions of B14 and B15 (Table 3.6). Concentrations of 
6-nitrobenzo[a]pyrene and 6-aminobenzo[a]pyrene which are mutagenic after metabolic 
activation were below the concentration causing effects in the assay in this study (49 ng 
ml-1 and 171 ng ml-1, respectively). Benzo[a]acridine and benzo[c]acridine did not show 
any mutagenic effect for the applied concentrations up to  
20 μg ml-1 and 0.4 μg ml-1, respectively. 7-Nitrobenzo[a]anthracene and isomers of hy-
droxybenzo[a]pyrene, benzofluorenone, nitrobenzo[a]pyrene, nitrobenzanthrone and 
azabenzo[a]pyrene were detected in the highly mutagenic fractions B14-7a-10, B14-10-8, 
B15-9-9-and B15-9-10 and may have contributed to mutagenicity. 6- and 12-
hydroxybenzo[a]pyrene, 1- and 3-nitrobenzo[a]pyrene as well as 10-azabenzo[a]pyrene 
were reported to be mutagenic to tester strains TA98 and/or YG1041 [36-38]. However, 
due to the lack of mutagenicity data a quantitative estimate of the contribution of a number 
of tentatively identified compounds such as several aromatic ketons and quinones is not 
possible. 
3.2.5 Conclusions 
The compounds benzo[a]pyrene, 1,3-, 1,6- and 1,8-dinitropyrene and 3-nitrobenzanthrone 
were identified and quantitatively confirmed as predominating mutagens in this study. This 
is in agreement with previous studies [20] and suggests to include these compounds into 
future sediment monitoring to minimise mutagenic risks. In addition a great number of 
other nitro-PAHs as well as hydroxy- and keto-PAHs, polycyclic quinones and carboxylic 
acids, and azaarenes have been tentatively identified in mutagenic fractions. However, 
availability of both standards for analytical confirmation and evaluation of mutagenicity 
and toxicity data is still very limited. For a better understanding of environmental mutagen-
icity and its impact on human health and ecological effects, such as reproductive conse-
quences in aquatic organisms [46, 47], it is crucial to unravel complex contamination with 
potentially mutagenic polar polycyclic aromatic compounds.  
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3.3 Effect-directed analysis of contaminated sediment from the 
wastewater canal in Pancevo industrial area, Serbia 
3.3.1 Abstract 
A wastewater canal (WWC) in Pancevo industrial area in Serbia, whose main environmen-
tal receptor is the River Danube, is a well known hot-spot of contamination. WWC sedi-
ments have been assessed by UNEP based on chemical target analysis. However, integra-
tive biological data on exposure to hazardous compounds are only provided by the present 
study which aims at evaluating whether the monitored compounds sufficiently reflect po-
tential hazards and to suggest additional compounds to include in monitoring and hazard 
assessment by applying effect-directed analysis (EDA) based on arylhydrocarbon receptor-
mediated activity and cytotoxicity. Multistep NP-HPLC fractionation provided 18 fractions 
coeluting with polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins 
(PCDDs), polycyclic aromatic hydrocarbons (PAHs) and more polar compounds. PAH 
fractions exhibited great potencies to induce ethoxyresorufin-o-deethylase (EROD) in 
H4IIE rat hepatoma cell line expressed as 2,3,7,8-tetrachlorodibenzo-p-dioxin equivalents 
(TCDD-EQ) (0.1–34.6 x 103 pg g-1 dry weight). Chemical analysis of the most active frac-
tions revealed great concentrations of PAHs (up to 292 x 102 ng g-1 sediment equivalents 
(SEQ)), methylated PAHs (up to 900 x 102 ng g-1 SEQ), and other alkyl-substituted PAHs. 
Only minor portions of biologically derived TCDD-EQs could be attributed to monitored 
PAHs with known relative potencies (REPs). We hypothesize that a major part of the ac-
tivity is due to non-monitored n-alkylated and heterocyclic PAHs. Results of the cell cyto-
toxicity/proliferation assay on H4IIE cell line suggest the presence of sediment pollutants 
with pronounced potency to disturb cell growth. 
3.3.2 Introduction 
The wastewater canal (WWC) in Pancevo, 20 km downstream Belgrade, collects 
wastewaters of a big industrial complex consisting of a petrochemical factory, an oil refin-
ery and a chemical fertilizer factory, and drains into the River Danube. The WWC is about 
2 km long, 70 m wide and has a water depth of 1–2 m during mean flow of the River Dan-
ube. The water in the canal originates from the industrial effluents, storm water runoff, and 
also from the River Danube inflow. The environmental conditions of the area surrounding 
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the WWC are chronically affected by the industrial complex and were additionally im-
paired by its heavy destruction during air-strikes in 1999 which resulted in accidental re-
leases and/or combustion of various hazardous substances leading to contamination of air, 
soil, groundwater and the WWC itself [1]. 
Sediments of the WWC in Pancevo industrial zone have been assessed in 1999 by the 
United Nations Environment Programme/United Nations Centre for Human Settlements 
(UNEP/UNCHS), Balkans Task Force (BTF) by chemical analytical means. The results 
confirmed long term pollution from the industrial complex, especially consisting of mercu-
ry, dichloro ethylene, petroleum hydrocarbon components, polychlorinated biphenyls 
(PCBs; 0.8–1.6 x 102 ng g-1) and polycyclic aromatic hydrocarbons (PAHs; 18–65 x 102 ng 
g-1) [1, 2], while polychlorinated dibenzo-p-dioxins (PCDDs; 0.04 ng g-1) and polychlorin-
ated dibenzo-p-furans (PCDFs; 2.1 ng g-1) have been found in soil samples from the ca-
nal’s landside end [3]. Direct effect assessment using bioanalytical methods have never 
been incorporated in any official risk assessment or monitoring program in Serbia, includ-
ing the WWC [4]. Thus, no data on the biological relevance of the present mixture of con-
taminants are available to date. 
Since evidence is increasing that a priori selected target compounds including the priority 
pollutants according to the EU Water Framework Directive often do not explain effects at 
contaminated sites [5], European research focuses increasingly on the identification of ef-
fect-based key toxicants in European river basins in order to allow for a reduction of toxic 
pressure on aquatic ecosystems [6]. The present study aims at supporting this objective by 
assessing WWC sediments applying effect-directed analysis (EDA). This approach inte-
grates biotesting with physico-chemical fractionation procedures and chemical analysis [7] 
and has been confirmed as a powerful tool for the identification and evaluation of bioactive 
contaminants in sediments [8-11]. 
The specific goals of the present study were to evaluate the contribution of the monitored 
target organic compounds in the WWC sediment to potential hazards of the complex con-
tamination and to suggest additional potentially relevant groups of compounds as a basis 
for further toxicant identification and monitoring. Sediments have been chosen as sampling 
matrix since they can accumulate toxic organic chemicals to levels many times higher than 
water column concentrations [12] and may act as a long term source even after the im-
provement of water quality. 
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The present EDA study is based on two toxicological endpoints. One is 7-ethoxyresorufin-
o-deethylase (EROD) induction in H4IIErat hepatoma cells as a biomarker of arylhydro-
carbon receptor (AhR)–mediated activity. Another is activity of mitochondrial dehydro-
genase in viable cells, measured by tetrazolium salt reduction cell cytotoxicity/proliferation 
assay (MTT). These bioanalytical tools were combined with an automated multistep nor-
mal phase fractionation of sediment extracts and chemical analysis based on gas chroma-
tography with mass spectrometry (GC–MS). 
3.3.3 Materials and methods 
3.3.3.1 Sample collection 
Sediment cores of about 0.4 m length were collected in January 2007 using an Eijkelkamp 
corer from three different points along the WWC: WWC1 – downstream the outlet from a 
fertilizer factory, WWC2 – downstream the outlets from a petrochemical plant and oil re-
finery and WWC3 – near the mouth of the WWC to the Danube River. Six independent 
samples were collected at each sampling site, placed into glass jars, stored at +4 °C and 
transported to the laboratory. Samples from the same sampling site were pooled, freeze-
dried, sieved using a 0.056 mm sieve and stored at -20 °C until extraction. 
3.3.3.2 Sample extraction and fractionation 
In general samples were subjected to pressurized liquid extraction, accelerated membrane-
assisted clean-up (AMAC) and fractionation as described in Chapter 2. Extraction and 
clean-up efficencies of different sample amounts have been evaluated by determination of 
recoveries of compounds contained in spiked sediment samples. Due to the oil-like nature 
of the extract sample amounts were reduced to 8 g sediment, 8.8 g SEQ and  
5.5 g SEQ for extraction, AMAC and fractionation, respectively. No breakthrough of ali-
phatic and small aromatic compounds into other fractions than those described in Chapter 
2 was observed as shown by chemical analysis and HPLC chromatograms obtained during 
fractionation. 
The fractions were split into two aliquots. One was solvent exchanged to dimethylsulfox-
ide (DMSO) for bioanalysis and one was exchanged to toluene for GC–MS analysis. 
3 EDA of contaminated sediments 
120 
3.3.3.3 MicroEROD analysis 
MicroEROD analysis was conducted using a H4IIE rat hepatoma cell line, grown in Mini-
mum Essential Medium Eagle (MEM, Sigma) supplemented with 10% FCS. Three inde-
pendent assays were performed in 96-well plates, with blanks and controls included in each 
plate. Cells were seeded at a density of 20 000 cells well-1. 24 h after seeding, they were 
exposed in triplicate to serial dilutions of standard 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(2,3,7,8-TCDD) or sample fractions dissolved in DMSO, to generate full concentration–
response curves for induction of AhR-mediated responses. After 48 h of exposure the me-
dium was removed, cells were washed with phosphate-buffered saline, and 0.1 ml of MEM 
containing 8 μM 7-ethoxyresorufin and 10 μM dicumarol was added. After incubation for 
1 h at 37 °C, 70 μL of medium with formed resorufin from each well was transferred to 
black 96-well plates and 130 μL of methanol was added. The amount of resorufin was 
measured fluorometrically using excitation/emission wavelengths of 544/590 nm on Fluor-
oscan Ascent FL plate reader (ThermoLabsystems), calculated relative to resorufin stand-
ard curve (range 1.2–78 nM), and normalized to a protein content determined for each well 
by fluorescamine protein assay. 
Bioassay-derived TCDD equivalent concentrations (TCDD-EQ) expressed as pg TCDD-
EQ g-1 dry weight sediment, were calculated as quotient of 2,3,7,8-TCDD EC20 value and 
the sample concentration that induced 20% of the 2,3,7,8-TCDD maximum response. 
3.3.3.4 MTT cell cytotoxicity/proliferation assay 
The MTT assay is a colorimetric assay, based on the measurement of conversion of the 
yellow thiazolyl blue tetrazoliumbromide to a purple formazan derivative by mitochondrial 
dehydrogenase in viable cells. The assay was conducted using a H4IIErat hepatoma cell 
line, grown in MEM10%FCS. Cells were seeded in 96-well plates at a density 20 000 of 
cells well-1. 24 h after seeding, they were exposed in triplicate to serial dilutions of sample 
fractions dissolved in DMSO. Control and blank wells were included in each plate. During 
the complete experiment, cells were in exponential phase of growth. After 24 h of incuba-
tion the medium was removed and cells were incubated for 3 h with 0.05 mg  
0.1 ml well-1 MTT dissolved in serum-free MEM. Formazan salts were dissolved in 0.1 ml 
well-1 of 0.04 M HCl in isopropanol, and light absorption was measured using a plate read-
er (ThermoLabsystems) on 540 nm, with a reference wavelength of 690 nm. Cell cytotoxi-
city/proliferation was expressed as a percentage of the corresponding control value (non-
treated cells) obtained in two independent experiments. 
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The original data were analysed by a one-way ANOVA, followed by Duncan’s multiple-
range post hoc test. Differences were considered significant at P < 0.05. 
3.3.3.5 Chemical analysis 
Since major responses were observed in the polyaromatic fractions F7 to F10 and F13 
chemical analysis focused on PAHs and nonpolar derivatives thereof. Chemical analysis 
included qualitative analysis and quantification of compounds of interest and was per-
formed on a gas chromatograph with mass selective detection (Agilent Technologies 
6890/5973GC-MS) using electron impact ionisation with an energy of  
70 eV. Pulsed splitless injection was applied with an injection volume of 1 µL and an inlet 
temperature of 250°C. Compounds were separated on HP5MS column (35 m x 0.25 mm x 
0.25 µm, Agilent Technologies) using 1.2 ml/min of He as carrier gas.  
Non-target screening was done scanning an m/z range of 30-550. The column oven initial 
temperature was 60ºC, was then increased by 18ºC/min to 150ºC followed by a gradient of 
2ºC/min to 310ºC, which was held for 5 min. Data were analysed by Agilent Technologies 
MSD Chem Station software in conjunction with AMDIS and NIST MS Search software. 
Two different mass spectra libraries were used for identification: Wiley Registry of Mass 
Spectral Data 7th Edition and IST/EPA/NIH Mass Spectral Library 05. In addition, major 
components’ identity was confirmed by analysis of standards. 
For PAHs quantification in the selected ion monitoring mode (SIM) a faster temperature 
program was used starting with 60ºC for 1 min followed by gradients of 30ºC/min to 
150ºC, 6ºC/min to 186ºC and 4ºC/min to the final temperature of 280ºC that was held for 
16.5 min.  
Since various isomeric alkyl-PAHs with the same molecular weight have very similar or 
identical fragmentation patterns, no attempt was made to identify individual isomers, and 
only the total content of all methyl-PAH isomers was determined. Calibration curves were 
prepared for a set of methyl-PAHs (1-methylanthracene, 1-methylpyrene, 1-, 5-, 6-, 7- and 
10-methylbenzo[a]anthracene, 2-, 3- and 4-methylchrysene, 7,12-dimethylbenzo-
[a]anthracene, 7- and 8-methylbenzo[a]pyrene), and the other compounds from the same 
group were quantified according to these curves, assuming similar response factors. When 
several methyl-PAH standards of the same MW were available, the peak closest to the un-
known was used. 
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Chemically derived toxic equivalents (TEQs) for investigated fractions were calculated as 
the sum of the product of concentration of the individual PAH found in the fraction and its 
corresponding relative potency values (REP) reported by Behnisch et al. [13-15]. 
3.3.4 Results and discussion 
3.3.4.1 MicroEROD analysis 
MicroEROD-derived TCDD-EQs (Figure 3.14) strongly differed among fractions, but dis-
tribution of their ranges followed the same pattern in all three samples. Fractions F7–F10, 
characterised by PAHs with MW of 178–276, clearly stand out for their high EROD-
inducing potency, with TCDD-EQs in the range of 0.8 x 103–34.6 x 103 pg-1 dry weight. 
Fractions F13–F15, mostly characterised by polar PAH-derivatives, had TCDD-EQs in the 
range 0.5–4.7 x 103 pg g-1 dry weight. Interestingly, fractions F3–F5 that co-elute with typ-
ical AhR-agonists such as PCNs, coplanar PCBs, and PCDD/Fs [16], revealed TCDD-EQs 
up to 600 times lower than the highest recorded, suggesting low level of these compounds 
in the WWC sediments. 
 
 
Figure 3.14: MicroEROD-derived TCDD equivalent concentrations (TCDD-EQ) of differ-
ent fractions of the WWC sediment extracts. The results represent mean values from three 
independent experiments. 
Other fractions exhibited only negligible toxic potency in the bioassay. With respect to 
results of other investigations, TCDD-EQs obtained for the most responsive fractions in 
our study can be considered as noticeably high. Biologically-derived TEQs of different 
fractions of sediments from industrial areas in Sweden and Germany did not exceed  
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0.6 x 103 pg-1 dry weight [17, 18], while in the Morava River in the Czech Republic values 
in the range of 1–17 x 103 pg-1 dry weight were reported [11]. The activity was site-
specific: fractions of the WWC2 sample, obtained from sites in the mixing zone of all three 
industrial outlets exhibited the highest toxicity, while the lowest TCDD-EQs were detected 
for the sample collected at WWC3 site, most likely due to the dilution and flushing by the 
River Danube. 
3.3.4.2 Chemical analysis 
The fractions 7–10 which exhibited greatest EROD induction activity were subjected to 
target and non-target chemical analysis. 
The analytical results (Table 3.8, Figure 3.15) confirmed high levels of PAHs, their meth-
ylated derivatives (Me-PAHs) and other alkylated PAHs (numerous isomers with up to five 
C-atoms in side chains), as well as S-PAHs (dibenzothiophene, benzo[b]naphthothiophene, 
and their alkyl derivatives). Among parent PAHs, phenanthrene was measured at the high-
est concentration (91–260 x 102 ng g-1 sediment equivalents (SEQ)). Levels of other PAHs, 
including anthracene, pyrene, fluoranthene, benz[a]anthracene, chrysene, ben-
zo[b/j]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, perylene and 
dibenzo[a,h]anthracene, were in the range of 1.0–49 x 102 ng g-1 SEQ. Among the tested 
fractions, F7 was the one with the highest total PAH level (95.8–292 x 102 ng g-1 SEQ). 
PAH concentrations in the WWC can be considered as remarkably high. The total concen-
tration of 16 PAHs in sediments from lake Järnsjön in an industrial area in Sweden was 
76.6 x 102 ng g-1 dry weight [17], while in sediments from the Morava River it was  
35–617 x 102 ng g-1 dry weight [11]. In our study, levels of Me-PAHs exceeded the con-
centrations of corresponding parent PAHs by factors of 1.5–7. Particularly great concentra-
tions were measured in F7, where methylanthracenes and -phenanthrenes were detected at 
a total concentration of 900 x 102 ng g-1 SEQ. Me-PAH concentrations determined in our 
study should be considered as very high compared to other sites with similar industries. In 
river sediments affected by petrochemical factories in the Czech Republic total levels of 
Me-PAHs were reported to be 0.2–10 x 102 ng g-1 [19]. 
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Table 3.8: Concentrations of polycyclic aromatic hydrocarbons (PAHs), methyl-PAHs (Me-PAHs), S-PAHs and N-PAHs together with avail-
able relative potencies (REPs) in selected fractions of the WWC sediment samples. F: fraction, REP: relative potency, SEQ: sediment equiva-
lents, +: detected in sample, not quantified. 
F PAHs Concentration 102 ng g-1 SEQ REP 
  WWC1 WWC2 WWC3 Behnisch et al. 
[13] 
Machala et al. 
[14] 
Willett et al. 
[15] 
F7  
 
Phenanthrene 
Anthracene 
Pyrene 
C1-178a 
C2-178, C3-178 
Dibenzothiophene 
C1 to C4-Dibenzothiophene 
260 
21 
11 
900 
+ 
50 
+ 
110 
7.6 
 
813 
+ 
30 
+ 
91 
4.8 
 
573 
+ 
26 
+ 
  
 
3.4x10-6 
 
F8  
 
Fluoranthene 
Pyrene 
C1-202a 
C2 to C4-202 
Benzo[b]naphthothiophene 
C1 to C4-Benzo[b]naphthothiophene 
26 
43 
373 
+ 
+ 
+ 
11 
47 
394 
+ 
+ 
+ 
6.8 
19 
122 
+ 
+ 
+ 
   
F9 
 
Benz[a]anthracene 
Chrysene 
C1-C228a 
C2- to C4-228 
Benzo[b]naphtothiophene 
C1- to C4-benzo[b]naphthothiophene 
19 
46 
249 
+ 
+ 
+ 
15 
49 
284 
+ 
+ 
+ 
9.2 
28 
141 
+ 
+ 
+ 
6.4 x 10-6 9.6 x 10-6 
1.1x 10-4 
2.5 x 10-5 
2.0 x 10-4 
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Table 3.8 continued. 
F PAHs Concentration 102 ng g-1 SEQ REP 
  WWC1 WWC2 WWC3 Behnisch et al. 
[13] 
Machala et al. 
[14] 
Willett et al. 
[15] 
F10  
 
 
 
 
 
 
Benzo[b/j]fluoranthene 
Benzo[k]fluoranthene 
Benzo[e]pyrene 
Benzo[a]pyrene 
Perylene 
C1-252a 
C2- to C4-252 
7.4 
3.8 
12 
11 
4.0 
59 
+ 
11 
3.4 
26 
16 
7.7 
137 
+ 
3.1 
1.3 
7.1 
3.9 
2.4 
37 
+ 
6.5 x 10-4b 
1.2 x 10-3 
 
4.0 x 10-5 
 
 
 
4.8 x 10-5b 
2.9 x 10-3 
6.3 x10-7 
2.0 x 10-4 
 
 
 
2.5 x 10-3b 
4.8 x 10-3 
 
3.5 x 10-4 
 
 
 
F13 
 
Dibenz[a,h]anthracene 
C1- to C3-Dibenzo[a,h]anthracene 
1.0 
+ 
3.0 
+ 
 
+ 
2.0 x 10-3 1.5 x 10-3 1.3 x 10-3 
F14 Carbazole 
C1- to C5-Carbazole 
Plasticisers: phthalates, diisooctil adipate, BHT  
2.3 
+ 
+ 
3.3 
+ 
+ 
0.8 
+ 
+ 
   
aIsomeric methyl-PAHs in each group were semiquantitated by using the calibration curve of the available isomer, assuming equal response factors. 
bPresented values are for benzo[b]fluoranthene.
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Figure 3.15: GC–MS chromatograms of WWC2 fractions F7–F10. For each fraction, ex-
tracted ion chromatograms of the unsubstituted PAH (Ø) and C1- to C3-substituted PAHs 
were extracted and summed. All abundance axes are scaled to the largest peak in each 
chromatogram. 
3.3.4.3 Comparison of TCDD-EQs and TEQs 
In order to estimate the fraction of activity explained by known EROD inducers we com-
pared chemical TEQs calculated from REP values given by Behnisch et al. [13], Machala 
et al. [14] and Willett et al. [15] (Table 3.8) to biologically derived TCDD-EQs (Figure 
3.16). For a relevant comparison of biologically and chemically derived data an agreement 
on a fixed effect-level is required [9]. We calculated biologically derived TCDD-EQs both 
on EC20 and EC25 effect-levels, and since obtained results were within less than 10% dif-
ferences, only TCDD-EQs based on EC20 are presented. Accordingly, we used REP val-
ues from Behnisch et al. [13] and Machala et al. [14], derived from EC20 and EC25 effect-
levels, respectively. On the other hand, REP values reported by Willett et al. [15] were 
derived from EC50, and therefore were included in calculation of chemical TEQs just for a 
rough comparison with TCDD-EQs. 
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Figure 3.16: Comparison of TCDD equivalent concentrations (TCDD-EQs) determined by 
microEROD bioassay and chemically derived TCDD equivalents (TEQs). TEQs were cal-
culated based on REP values according to: aBehnisch et al. [13], bMachala et al. [14] and 
cWillett et al. [15]. wt: weight. 
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The results revealed that TCDD-EQs exceed TEQ values for all fractions by a factor of 2–
2200. Greatest difference between TCDD-EQs and TEQs were found in F7 and F8, where 
the priority PAHs phenanthrene, anthracene, pyrene, and fluoranthene were detected. As 
reported by Bols et al. [20] and Bosveld et al. [21] none of these compounds are EROD-
inducers, while according to Machala et al. [14] fluoranthene and pyrene are weak AhR-
agonists. However, the comprehensive set of REP values given by Machala et al. [14] is 
derived from the chemically activated luciferase expression (CALUX) assay which is 
known to be more sensitive in comparison to microEROD [22]. The observed difference 
strongly indicates that other, non-identified aromatic compounds contribute significantly to 
CYP1A activition in fractions 7 and 8. Similarly, in other fractions only a part of the bio-
logical response could be attributed to identified parent PAHs. Benz[a]anthracene and 
chrysene found in F9, benzo[b/j]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, and 
benzo[a]pyrene found in F10, as well as dibenzo[a,h]anthracene from F13 have been con-
firmed as AhR-agonists [14, 20, 21]. For fraction 9, TCDD-EQs are 6–2200 times greater 
than TEQs. This difference is considerably less pronounced in fractions F10 and F13, rang-
ing from 2–12 times in favour of bioassay results. A slightly different picture was obtained 
when calculating chemical TEQs on the basis of the REP values reported by Willett et al. 
[15]. In this study, present PAHs were attributed higher REP values, resulting in lower 
TCDD-EQ/TEQ ratio ranging between 0.5 and 21. However, differences in effect-levels 
used to derive REP and TCDD-EQ might mislead us to wrong conclusions in comparison 
of bioassay and instrumental results. In any case, even with this approach, there is still a 
great portion of the bioassay response that cannot be attributed solely to determined PAHs. 
Our findings are in accordance with the studies of Engwall et al. [17] and Hollert et al. 
[12], revealing that only a small part of  the EROD-inducing potency of tested sediment 
extracts could be explained by the PAHs analysed chemically, suggesting the presence of 
non-analysed compounds with EROD-inducing potency. On the other hand, there are also 
examples of a good agreement between chemically and biologically derived TEQs, where 
most of the effect could be explained by priority PAHs [11, 23]. In the case of WWC sed-
iments, we hypothesize that Me-PAHs and heterocycles detected in high concentrations 
(37–900 x 102 ng g-1 SEQ) may account for a major fraction of measured TCDD-EQs and 
thus potential hazards. Since no quantitative isomer-specific analysis of alkylated PAHs 
nor S-PAHs was performed they could not be included in TEQ calculation. There are indi-
cations from previous studies that these compounds may exhibit greater activity than par-
ent PAHs. Marvanova et al. [24] showed that methyl substitution enhanced the AhR-
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mediated activity of benz[a]anthracene derivatives by factors of 7–650. Recently, 
Vondracek et al. [19] concluded that, unlike their respective parent compounds, Me-
phenanthrene and Me-anthracene are weak inducers of AhR-mediated activity.  
1-methylchrysene and 9-methylbenz[a]anthracene have been identified as significant con-
tributors to EROD-inducing potency in rainbow trout liver cell line (RTL-W1) with REPs 
of 1.9 x 10-4 and 1.3 x 10-3, respectively [10]. The corresponding REPs for chrysene (1.0 x 
10-5) and benz[a]anthracene (1.0 x 10-5) were one respective two orders of magnitude low-
er. AhR-mediated activity of monomethylated chrysenes was also confirmed by Machala et 
al. [25]. 
3.3.4.4 Cell cytotoxicity/proliferation assay 
Since microEROD analysis identified WWC2 sample as the most potent, effects of all 18 
fractions from this sample on cell growth were tested in the MTT assay, using rat hepato-
ma H4IIE cells in exponential phase of growth. This assay has been confirmed as suitable 
for measurement of both cell proliferation and cytotoxicity [26, 27]. To illustrate types and 
patterns of the observed responses, in Figure 3.17 only selected results obtained for some 
of the fractions are presented, while overall results are discussed. 
Among all the fractions, F2 stands out as the most cytotoxic, which is probably the result 
of the presence of elementary sulphur which eluted in this fraction. Fractions F1, F3–F6, 
and F17 exhibited cytotoxic effects, but only at great test concentrations. Findings are in 
agreement with a previous study reporting up to 89% cytotoxicity of sediment extracts in 
the same test system [27]. Fractions F8, F12, and F18 had no effect on cell growth at any 
of the tested concentrations. On the other hand, fractions F7, F9–F11 and F13–F15 stimu-
lated cell proliferation to some extent. It should be stressed that fractions with proliferative 
effect (up to 80% above control values) also demonstrated high EROD-inducing potency. 
AhR-dependent disruption of cell cycle control, followed by enhanced cell proliferation, 
has been induced by certain PAHs and their methylated derivatives in a different liver cell 
model, a contact-inhibited rat liver epithelial WB-F344 cells [24, 25, 28]. Overall results of 
the MTT assay suggest that the WWC sediment contains a significant load of toxicants that 
are able to disturb cell growth, either in the context of stimulation of cell proliferation or 
induction of cytotoxicity. Mechanisms and molecular targets of such action of pollutants 
were not a subject of this study, but emerge as a question for further investigations. 
 
3 EDA of contaminated sediments 
130 
 
 
Figure 3.17: Effects of selected fractions of the WWC2 sediment sample on cell prolifera-
tion in H4IIE rat hepatoma cell culture. The columns represent mean value from two inde-
pendent experiments. The results are expressed as % of the readings in control wells, 
which received no treatment. * – p < 0.05. 
3.3.5 Conclusions 
The present study of the WWC sediment in Pancevo industrial zone revealed a significant 
load of toxicants with AhR-mediated activity, and ability to disturb cell growth, predomi-
nantly from the group of PAHs and their methylated and alkylated derivatives. This activi-
ty could be explained only to a minor extent by regularly monitored and toxicologically 
well characterised priority PAHs. High concentrations of alkylated PAHs and S-PAHs and 
the few information that is available on their toxic potency support the hypothesis that 
these compounds predominate AhR-mediated effects in the investigated sediment. This 
finding stresses the requirement for routinely applicable analytical methods for monitoring 
and isomer-specific toxicological characterisation of alkylated PAHs and S-PAHs as a cru-
cial step towards a more realistic assessment of contaminated sediments. 
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4 Discussion 
The fractionation procedure developed in this thesis was applied in 13 studies for the effect-
directed fractionation of organic extracts of freshwater sediments, suspended particulate mat-
ter, soils and floodplain soils from the Elbe, Danube and Rhine River basins as well as for 
marine sediments from the Oslo fjord (Table 4.1). Resulting fractions were chemically ana-
lysed and tested for cytotoxic, mutagenic, teratogenic and AhR-mediated effects and for their 
potential to disrupt gap junctional intercellular communication (GJIC) and the endocrine sys-
tem including estrogenic, androgenic, anti-androgenic and thyroid hormone disturbing effects, 
disruption of steroidogenesis and endocrine disruption in snails. Furthermore, fractions were 
tested for growth inhibition of green algae.  
In reviewing the results of these studies, the following chapter aims to draw some general 
conclusions on (1) the EDA procedure with special focus on compound group separation by 
fractionation and quantification of biological effects in mixtures (Chapter 4.2) and (2) priority 
fractions and suspected and confirmed compound classes for different biological endpoints 
(Chapter 4.3). The extension of knowledge about suspected and confirmed compounds and 
about the distribution of those compounds and compound groups between fractions can sup-
port compound identification in further studies. Due to the availability of data, the discussion 
focusses on mutagenic, AhR-mediated and estrogenic effects. Firstly, the sample preparation 
procedure and chemical results derived from the EDA studies using the automated fractiona-
tion procedure are evaluated with respect to class separation, compound properties and distri-
bution and removal of bulk compounds. The identification of unknowns, as well as synergis-
tic, antagonistic and masking effects that can influence the quantification of recoveries and 
the confirmation of suspected substances are discussed. Secondly, toxicity patterns are pre-
sented in context with contamination patterns to identify priority fractions and identified and 
suspected compounds and compound classes for different biological endpoints. 
4.1 Case studies using the developed fractionation procedure 
All studies aimed to identify adverse compounds using EDA with different biological end-
points (Table 4.1). Additionally, studies focussed on bioavailability and bioaccessibility [1-3] 
and on the impact of particle-bound contaminants on inundated sites, retention areas and 
groundwater with regard to drinking water wells [4-6]. In the latter studies, extracts of sus-
pended particulate matter (SPM), flood suspended matter, soil and floodplain soil from the 
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River Rhine (Germany) were analysed for AhR-mediated activity, mutagenicity and estrogen-
ic activity. Sampling locations are known for their contamination with pyrogenic and petro-
genic PAHs, PCBs and HCB. Sediment extracts from the Upper Danube River (Germany) 
were analysed for mutagenic and teratogenic effects and the ability to disrupt steroidogenesis 
[7]. Endocrine disruption in snails and estrogenic and anti-androgenic effects were evaluated 
for sediment extracts from the River Groot Schijn (Belgium) which is influenced by industrial 
and domestric waste waters [8]. Extracts of marine sediments from Oslo harbour and Gren-
land region (Norway) were tested for AhR-mediated, estrogenic and androgenic effects [9]. 
Sampling sites are known to be contaminated with PAHs, PCBs, tributyl tin (TBT) and metals 
and are influenced by petrochemical industry and the production of different chemical prod-
ucts. Vykopolova et al., [10] identified musk fragrances and thiophenes in fractions of sedi-
ment extracts from the River Elbe basin (Germany, Czech Republic) and analysed them for 
AhR-mediated and estrogenic effects. Contamination patterns and sources were described in 
Chapter 1.2. Schwab et al. [3] and Bandow et al. [1, 2] evaluated the growth inhibition of 
green algae exposed to sediment extracts from the same sampling sites.  
Chemical analysis of samples tested for AhR-mediated, mutagenic and endocrine effects fo-
cussed mainly on parent, alkylated and keto-PAHs, N-PACs, thiophenes, PCBs, PCDD/Fs, 
DDT isomers and metabolites, hexachlorohexanes (HCHs), hexachlorbenzene (HCB), pesti-
cides, steroids, triterpenoids, musk compounds, alkylphenols, bisphenols, phthalates, triclosan 
and octyl- and nonylphenols. Additionally, samples were screened for non target analytes.  
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Table 4.1: EDA studies using the developed fractionation procedure with sample matrices, sampling locations and contamination patterns, biologi-
cal endpoints and applied bioassays including cell lines. PAH: polycyclic aromatic hydrocarbon, PCB: polychlorinated biphenyl, HCB: hexachloro-
benzene, TBT: tributyl tin. For abbreviations of bioassays see text. 
Title Sample matrice 
(Sample name) 
Biological endpoints/applied bioassays 
and cell lines 
Sampling 
location 
Contamination sources/known 
contaminants 
Citation 
Impact of contaminants bound to 
suspended particulate matter in the 
context of flow events 
Suspended parti-
culate matter 
(SPM 2a, 4-6) 
AhR-mediated activity (EROD, RTL-
W1), mutagenicity (Ames fluctuation 
assay, TA98, TA100) 
River Rhine, 
Germany 
PAHs, PCBs, HCB [6] 
Investigation of soil contamination at 
recently inundated and non-inundated 
sites 
Soil 
(Swale) 
 
AhR-mediated activity (EROD, RTL-
W1), mutagenicity (Ames fluctuation 
assay, TA 98, TA 100) 
River Rhine, 
Germany 
Pyrogenic, petrogenic PAHs, 
deposition of contaminated SPM 
[5] 
Estrogen receptor mediated activity 
in bankside groundwater, with flood 
suspended particulate matter and 
floodplain soil – An approach com-
bining tracer substance, bioassay and 
target analysis 
Flood suspended 
matter, flood-
plain soil 
(Soil, SPM1, 
SPM 2b) 
Estrogenic activity (YEAST estrogen 
screen assay, Saccharomyces cerevisiae) 
River Rhine, 
Germany 
Pyrogenic, petrogenic PAHs, 
deposition of contaminated SPM 
 
Carbamazepine 
[4] 
Effects-directed analysis of Up-
perDanube River sediments 
Sediment 
(Opf2006, Sig 
2006, Lau2004, 
Lau2006) 
Disruption of steroidogenesis (H295R 
steroidogenesis assay, H295R adrenocar-
cinoma cell line), mutagenicity (Ames 
fluctuation assay, TA98, TA100), terato-
genicity (Damio rerio embryo assay) 
Upper Danube 
River, Germa-
ny 
Not specified [7] 
Identification and toxicological eval-
uation of musk fragrances and thio-
phenes in extracts of river sediment 
samples 
Sediment Estrogenic activity (ER-CALUX), AhR-
mediated activity (DR-CALUX) 
River Elbe 
basin, Germa-
ny, Czech 
Republic 
Petrochemical, textile, chemical 
industries, urban waste waters, 
brown coal mining, dumpsites 
and contaminated soils 
Petrogenic and pyrogenic PAHs, 
PCBs, PCNs, PCDD/Fs, metals, 
organochlorine pesticides 
[10] 
Effect-directed analysis of sediment-
associated algal toxicants at selected 
hot spots in the River Elbe basin with 
special focus on bioaccessibility 
Sediment 
(B_ASEa, 
M_ASEa, 
P_ASEa) 
Growth  inhibition of green algae 
Scenedesmus vacuolatus 
River Elbe 
basin, Germa-
ny, Czech 
Republic 
[3] 
Partition-based dosing:an approach to 
include bioavailability in the effect-
directed analysis of contaminated 
sediment samples/Effect-directed  
Sediment 
(B_ASEb, 
M_ASEb, 
P_ASEb) 
Growth  inhibition of green algae 
Scenedesmus vacuolatus 
River Elbe 
basin, Germa-
ny, Czech 
Republic 
[1]/ [2] 
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Table 4.1 continued. 
Title Sample matrice 
(Sample name) 
Biological endpoints/applied bioassays 
and cell lines 
Sampling 
location 
Contamination sources/known 
contaminants 
Citation 
analysis of contaminated sediments 
with partition-based dosing using 
green algae cell multiplication inhibi-
tion 
     
Effect-directed analysis of riverine 
sediments – The usefulness of Po-
tamopyrgus antipodarum for in vivo 
effect confirmation of endocrine 
disruption 
Sediment  
(G. Schijn) 
Endocrine disruption in snails (Po-
tamopyrgus antipodarum), estrogenic 
effects (ER-LUC, BG-1), anti-androgenic 
effects (anti-AR-CALUX, human osteo-
blast cell line) 
River Groot 
Schijn, 
North of 
Belgium 
Industrial and domestic waste 
waters 
[8] 
Effect-directed analysis of polluted 
sites in Norway 
Sediment 
(Grenland, Oslo) 
AhR-mediated effects (DR-CALUX, 
H1L6.1c3), estrogenic/androgenic effects 
(YES/YAS assay, Saccharomyces cere-
visiae)  
Marine sed-
iments from 
Grenland 
region and 
Oslo har-
bour, Nor-
way 
Petrochemical industry, production  
of e.g. ethylene, propylene, poly-
vinyl chloride, magnesium, cement 
 
PAHs, PCBs, TBT, metals, diox-
ins, PCB 209 
[9] 
Effect-directed analysis of contami-
nated sediments from the wastewater 
canal in Panveco industrial area, 
Serbia 
Sediment 
(WWC1-3) 
AhR-mediated effects (EROD, H4IIE rat 
hepatoma cell line), cell cytotoxici-
ty/proliferation assay (MTT, H4IIE) 
Waste water 
canal, River 
Danube 
basin, Serbia 
Petrochemical industry, oil refin-
ery, fertilizer production, acciden-
tial releases/combustition of haz-
ardous substances  
 
Mercury, dichloro ethylene, petro-
leum hydrocarbon components, 
PAHs, PCBs, PCDD/Fs 
[11] 
Polar compounds dominate in vitro 
effects of sediment extracts 
Sediment 
Prlouc (P),  
Most (M), Bit-
terfeld (B) 
AhR-mediated effects (DR-CALUX, 
H4IIE),  inhibition of GJIC (scrape load-
ing/dye transfer assay, WB-F344), muta-
genicity (Ames, TA98, TA100, YG1024, 
YG1041), estrogenic effects (ER-
CALUX, T47D.LUC), thyroid hormone 
disturbing potencies (TTR-binding assay) 
River Elbe 
basin, Ger-
many, Czech 
Republic 
Petrochemical, textile, chemical 
industries, urban waste waters, 
brown coal mining, dumpsites and 
contaminated soils 
 
Petrogenic and pyrogenic PAHs, 
PCBs, PCNs, PCDD/Fs, metals, 
organochlorine pesticides 
[12] 
Effect-directed identification of di-
nitropyrenes, 3-nitrobenzanthrone 
and PAHs as major mutagens in con-
taminated sediments of the River 
Elbe basin 
 
[13] 
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4.2 EDA procedure 
4.2.1 Sample preparation 
A number of compounds of interest causing adverse effects to biota such as dinitropyrenes 
and estrone were detected in the pg g-1 to low ng g-1 range in the investigated samples. In con-
trast, bulk compounds such as alkanes, pigments, organic matter and humic substances that 
are able to interfere with biological and chemical analysis are contained in sediments and oth-
er solid matrices in much higher concentrations [14, 15]. In crude extracts Wölz et al. [6] de-
termined 2.5 to 6.0 fold lower AhR-mediated activities than in recombined extracts of SPM 
after normal phase fractionation. Significant mutagenic effects were detected for fractions of a 
soil extract after the same fractionation procedure although crude extracts were non-
mutagenic [5]. Suppression of responses due to masking effects in crude extracts are believed 
to cause these differences. 
Thus, a reliable clean-up and fractionation procedure is necessary to allow a reasonable chem-
ical and biological analysis especially if biological and chemical screening methods are used. 
Clean up of sediment and soil extracts by size exclusion such as dialysis using accelerated 
membrane assisted clean up (AMAC) and gel permeation chromatography (GPC) reduces the 
risk of loss of compounds of interest when compared with other methods such as solid phase 
extraction. The benefit of the use of AMAC over GPC is the reduction of sample processing 
time and solvent consumption [16] while similar recoveries for model compounds and re-
sponses (preliminary tests, data not shown), increased bulk compound removal and removal 
capacities [16] are achieved. As a result of clean up, parent extracts that resulted in fractions 
exhibiting toxic effects in the further EDA procedure showed significant responses for most 
endpoints, suggesting that masking compounds were removed sufficiently. 
Because mainly hydrophobic compounds are known to accumulate in sediment matrices non-
polar to medium polar mixtures of hexane, dichloromethane and acetone were used in most 
cases for the extraction and clean-up of compounds contained in the investigated sediment 
samples. Thus, in the resulting extracts octanol-water partition coefficients of confirmed ana-
lytes ranged from 2.5 for estriol to 8.3 for benzo[a]coronene.  
4.2.2 Fractionation and class separation 
Analytical results obtained from the aforementioned studies were reviewed in order to check 
the reliability of the fractionation procedure and to evaluate the distribution of compounds of 
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interest and bulk compounds between fractions. The extension of knowledge about the distri-
bution of compounds and compound groups could facilitate the identification process of toxi-
cologically active compounds in future studies. 
Analytes and compounds occurring in high concentrations in sediment extracts were distri-
buted over fractions as expected from the fractionation scheme presented in Chapter 2 except 
in the study by Grung et al. [9]. In the latter study, residual water may have affected the reten-
tion of compounds leading to a breakthrough of polar compounds into nonpolar fractions.  
Overall, bulk or matrix compounds contained in extracts in high concentrations and possibly 
interfering with chemical analysis of low concentrated compounds or the assessment of bio-
logical effects were restricted to one or a few fractions. For example, sulphur that can be toxic 
to cells used in some test systems such as the MTT cell proliferation assay was detected only 
in fractions 2. The main part of alkanes that were contained in high concentrations in the ex-
amined samples and may interfere with chemical analysis coeluted in fractions 1 to 4 and 6. 
These fractions caused mainly no or low effects in the applied biotests. Several more polar 
compounds such as aliphatic aldehydes, ketones, diols, acids and amids coeluted in the more 
polar fractions 13 to 18 that exhibit significant effects.  
Generally, nonpolar heterocyclic PACs such as thiophenes and furans, cyclopentafused PAHs, 
terphenyl and binaphthalene/phenylanthracene eluted according to their homocyclic ana-
logues or one fraction earlier. Furthermore, substitutions of hydrogen atoms by e.g. chlorine 
or alkyl groups and of carbon by sulphur or oxygen did not have a strong effect on the reten-
tion behaviour of the respective analyte. As described previously, oxy-PAHs eluted mainly in 
fractions 13 to 15 while N-PACs were found in fractions 14 and higher. Nitro- and dinitro-
PAHs eluted in fractions 13 to 15. Compounds and compound groups that are known for their 
endocrine disrupting potential such as steroids (fractions 15 to 17), musk compounds (mainly 
fraction 14), triclosan and benzophenone (fraction 14), octyl-, nonylphenols, chlorophene 
(fraction 15), bisphenol A (fraction 17) and triterpenoids (fractions 14, 15) were restricted to 
one or a few medium polar to polar fractions. Isomers of DDT and their metabolites DDE, 
DDD and DDMU as well as HCHs were spread over several nonpolar and polar fractions, 
depending on the compound and the respective isomer. 
Deviating from the fractionation scheme an overlap between fractions was determined for 
pyrene detected in fractions 7 and 8. Dibenzo[a,h]anthracene containing five aromatic rings 
was found in fraction 11 but not in fraction 10 as expected from the fractionation scheme. 
PAHs with five to eight aromatic rings were detected in fraction 13, which is the first fraction 
eluting from the cyanopropyl (CN) column. Nearly all PAHs that were detected in the latter 
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fraction were not detected in the previous fractions. Retention of nonpolar aromatic com-
pounds increase on the CN column with the size of the aromatic system und thus coelute from 
the CN stationary phase with slightly polar compounds.  
4.2.3 Quantification and mixture toxicity 
Quantification of biological responses is often based on concentration or response additivity. 
In general additivity has been reported for different bioassays and endpoints [19-23]. Assum-
ing concentration additivity [24], the toxic equivalency factor approach is used to confirm the 
contribution of single compounds to an observed AhR-mediated [25, 26], estrogenic [27-29] 
or other receptor-mediated effects. Sums of chemically derived TCDD equivalents (chem-
TEQs) and estradiol equivalents (chem-EEQs) calculated using known equivalency factors 
(TEFs, EEFs, respectively) can be compared to biologically derived TCDD and estradiol 
equivalents (bio-TEQs, bio-EEQs, respectively). This concept is widely used and has been 
applied in a number of different studies [28, 30-33]. However, equivalency factors depend on 
the biotest applied and on the effect level chosen for calculation and can differ strongly. For 
example, TEF values for benzo[a]pyrene exhibited a variation by a factor of 56, even with 
values determined using the same cell line and effect level [26, 34]. Although a similar con-
cept was suggested for mutagenic compounds [26, 35] it is rarely used possibly because of the 
complexity of mutagenesis. More commonly and assuming response additivity, effects of 
identified compounds are confirmed by comparing responses of an original sample to that of a 
standard compound or compound mixture ([36], Chapter 3.2). Similarily, recovery rates can 
be calculated for quality control by comparing responses of reconstituted to those of parent 
extracts. 
However, masking, antagonistic and synergistic effects may occur and were reported in a 
number of studies for different bioassays [37-40]. Higley et al. [7] reported up to 1.9fold 
higher responses in H295R cells for testosterone and estradiol for single fractions than for the 
recombined extract. Some of the analysed fractions showed a 2.5 fold lower response in the 
test system compared to the matrix-free solvent control which suggests that masking or antag-
onistic compounds were present in these fractions. Grung et al. [9] reported the presence of 
estrogen and androgen receptor antagonists. Responses of reconstituted samples that exeeded 
those of the parent samples up to a factor of 74 were observed for mutagenic effects of 
Přelouč and Most primary fractions (±S9, Chapter 3.1.4.2) and for samples B14-6, B14-7a 
and B15-9 (-S9) after the third fractionation (Chapter 3.2.4.1). Masking compounds may have 
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been removed by precipitation during solvent exchange or irreversible binding to the HPLC 
column.  
Additivity of responses (R) or concentrations (C) can be checked by adding mutagenic effects 
calculated from the slope of the linear part of the concentration-response curve (Radd) or 
TEQs of active fractions of a sample (Cadd) and comparing them to those of the reconstituted 
(R/Crec) sample. Three cases can occur: (1) R/Cadd~R/Crec, (2) R/Cadd<R/Crec or  
(3) R/Cadd>R/Crec. The first case indicates that no synergistic, antagonistic or masking ef-
fects occurred. This was observed for TEQs derived from DR-CALUX for Přelouč and Bitter-
feld fractions (Chapter 3.1.4.1), TEQs derived from the EROD assay [5, 6] and mutagenic 
effects of the secondary fractions (Chapter 3.2.4.1). In the second case synergistic effects may 
have occurred in the sample. For example, summed TEQs Cadd of Most fractions were about 
a factor of 0.4 fold lower than Crec. After tertiary fractionation of Bitterfeld secondary frac-
tions, mostly low or even no mutagenic effects were observed after activation by S9 for re-
sulting subfractions, e.g. for B14-6, B14-10 and B15-9. Because recombined fractions were 
partly highly mutagenic synergistic effects may have occurred in parent and recombined frac-
tions. However, mutagenic effects may have been spread over several fractions and were thus 
too low to be quantified. In the case of B15-9 subfraction B15-9-9 (+S9) was highly mutagen-
ic when fractions were screened with the Ames assay (Chapter 3.2.4.1) but non-mutagenic 
when concentration-response curves were recorded. Thus, mutagenic compounds may have 
been degraded in DMSO in the time between both tests. The third case suggests that masking 
or antagonistic effects may have been present in the reconstituted sample as observed for mu-
tagenic effects of B13 (-S9) after secondary fractionation. Thus, synergistic, antagonistic, 
masking and other effects can hamper the evaluation and quantification of potencies of sam-
ples and thus complicate e.g. compound confirmation and recovery quantification. Samples or 
fractions containing active compounds may be overlooked due to the presence of masking or 
antagonistic substances. As far as cytotoxic effects are concerned, the shape and slope of the 
concentration response curve give more information about the potential of a sample than a 
single dose screening. However, the quantification of mutagenic effects is afflicted with un-
certainties due to the hardly defined linear part of the concentration-reponse curve. When 
compared to the classical Ames assay, this uncertainity is especially pronounced in the Ames 
fluctuation assay due to the limited number of wells.  
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4.2.4 Identification of compounds of interest 
Following fractionation and identification of potent fractions, the toxicologically active com-
pounds need to be identified using chemical analysis. Because one analytical method cannot 
be suitable for all active compounds in a sample, different methods should be applied to cover 
a broad range of compound groups. A biological classification of suspected compound groups 
can support chemical compound identification. For example, tester strains with different sen-
sitivities were applied to identifiy nitro- and amino-PACs as mutagenic compound classes in 
sediment and river water (Chapter 3.2), [17]. The chemical and biological classification of 
suspected compound groups by e.g. fractionation and directed biotesting facilitates the selec-
tion of analytical methods, target compounds and compound groups. Chemical property data 
of suspected compounds obtained during the fractionation process together with the chemical 
and biological classification can be used for a consensus structure elucidation of unknowns on 
the basis of GC/EI-MS, structure generation, and calculated properties for unknown com-
pounds [18] which was not included in the presented studies. 
4.3 Review of case studies 
4.3.1 Biological results 
Sampling sites chosen for examination in the presented studies were impacted by pollutants 
from different sources and varied widely in contamination degree. Thus, biological results are 
compared between studies and with literature data. 
AhR induction. Highest potencies were detected for the floodplain soil from the River Rhine 
(up to 43 ng TEQs g-1 soil, Table 4.2) and the Bitterfeld sediment (Elbe River basin, up to  
17 ng TEQ g-1 SEQ) while the marine sediment from the Oslo fjord, Norway (up to 1.9 ng 
TEQ g-1 SEQ) showed the lowest induction.  
Generally, the nonpolar PAH fractions 8 to 10 as well as the more polar fractions 13 to 15 
were the most inducing fractions. For single fractions, highest inductions were observed for 
the sediment from the heavily impacted waste water channel of the Danube River basin  
(34 ng g-1 SEQ) and the floodplain soil from the River Rhine, Germany (up to 13 ng g-1soil) 
for fractions 8 and 10, respectively. SPM from the River Rhine and sediments from the heavi-
ly polluted Elbe River sampling sites showed lowest maximum activities of single fractions 
(up to 3.5 ng g-1 SPM and 5.0 ng g-1 SEQ, respectively). AhR-mediated effects of 5.5 ng TEQ 
g-1 SEQ were determined for the estuarine harbour Zierikzee in the Netherlands [32], up to 10 
ng TEQ g-1 SEQ for sediments from the Upper Danube River [41] and up to 48 ng TEQ g-1 
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SEQ for sediments from the Morava River basin, Czech Republic [33] which is partly heavily 
polluted by PAHs and persistent chlorinated compounds. Although AhR-mediated effects 
were in the range of those reported in the literature, activities determined for the waste water 
channel from the Danube River basin were among the highest reported activities. 
Estrogenicity. Up to 1400 pg EEQ g-1 SEQ were detected in fraction 15 of SPM from the Riv-
er Rhine while maximum inductions of 34 pg EEQ g-1 SEQ and 81 pg g-1 SEQ (both fractions 
17) were determined for sediment fractions from the River Groot Schijn, Belgium and for the 
River Elbe basin, respectively. Up to 459 pg EEQ g-1 SEQ were determined for a estuarine 
harbour sediment from Zierikzee, Netherlands [32] while estrogenic activities of up to 1200 
pg EEQ g-1 SEQ were reported for the River Morava sediment [42]. Estrogenic activities in 
the presented studies were comparably low except those observed for fraction 15 of SPM 
from the River Rhine, which was even higher than those of total extracts reported in the litera-
ture.  
Mutagenicity. A number of nonpolar as well as more polar and polar mutagenic fractions were 
reported in all studies with the exception of Wölz et al. [6] who reported only medium polar 
and polar mutagenic fractions for SPM. Highest mutagenic effects were observed for fractions 
tested with TA98 (±S9, Chapter 3.1.4.1, [5, 6]). In most cases, testing with TA100 resulted in 
similar or lower responses compared to TA98 especially for highly mutagenic fractions and 
after activation with S9. Only Higley et al. [7] reported higher responses for TA100 than for 
TA98 after metabolic activation mainly for the PAH containing fractions of the River Danube 
sediment. Thus, contaminants are suspected to cause mainly frameshift mutations rather than 
base-pair substitutions.  
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Table 4.2: Compounds and compound groups identified and/or quantified in fractions from studies listed in Table 4.1. Maximum AhR-inducing and 
estrogenic activities are listed as well as suspected and confirmed toxicants and the portion of effects linked to confirmed toxicants. PAH: polycy-
clic aromatic hydrocarbon, AhR: aryl hydrocarbon receptor, ER: estrogen receptor, HCB: hexachlorobenzene, PCB: polychlorinated biphenyl, PAC: 
polycyclic aromatic compound, PCDD/F: polychlorinated dibenzo-p-dioxin/furan, PCN:  polychlorinated naphthalene, TEQ: TCDD equivalents, 
EEQ: estradiol equivalents, index P: parent, index f: fraction. 
Citation Identified/quantified compounds/compound 
groups 
Maximum estrogenic or 
AhR-inducing activity 
Confirmed  Confirmed/suspected toxicants 
[6] HCB, PCBs, PAHs TEQp: 6140 pg g-1 SPM 
TEQf: 3500 pg g-1 SPM 
AhR: < 1%  PAHs (minor AhR induction) 
[5] HCB, PCBs, PAHs TEQp: 43000 pg g-1 soil 
TEQf: 13000 pg g-1 soil 
AhR: ≤ 1% PAHs (minor AhR induction) 
[4] Benzophenone, galaxolide, octylphenol, amberonne, 
tonalide, diphenylsulfone, bisphenol A 
EEQf: 1400 pg g-1 SEQ < 1%  Suspected: estrone, 17α-, 17β-estradiol, ethinylestradiol, estriol, 
nonylphenol, triclosan. Concentrations may have been below 
detection limit. 
[7] octaatomic sulphur, phthalates, long chain alkanes, 
naphthoic acids, parent and alkylated PAHs, sterol 
and derivatives, long chain hydrocarbons with uni-
dentified functionality, flexol plasticiser, friedelan-
3-one, coprostanol, fatty acids 
  Suspected mutagens: cyclopentafused PAHs, nitro-, dinitro-
PAHs (concentrations may be below detection limit) 
Suspected disruptors of steroidogenesis: Sterols, e.g. β-
sitosterol, PAHs, naphthoic acid like compounds 
[10] PAHs, estrone, estradiol, benzonaphthothiophenes, 
naphthalenyl-benzo[b]thiophenes, musk compounds 
  Confirmed AhR-agonists: benzo[b]naphtho[1,2-d]thiophene, 
benzo[b]naphtho[2,3-d]thiophene, 2-(2’-naphthale-
nyl)benzo[b]thiophene (NBT), 2,1’-NBT, 3,2’-NBT 
Confirmed ER-agonists: celestolide, galaxolide, OTNE,   
Confirmed ER-antagonists: ambrettolide, velvione, habanolide, 
ER-agonist/antagonist: phantolide 
[3] PAHs, benzo[b]naphtho[2,3-d]furan, 11H-
benzo[b]fluorene, benzonaphthothiophenes, N-
phenyl-2-naphthylamine, 7H-benz[de]anthracene-7-
one 
 
 up to 100% Confirmed: PAHs, furans, thiophenes, N-phenyl-2-
naphthylamine, 7H-benz[de]anthracene-7-one. 
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Table 4.2 continued. 
Citation Identified/quantified compounds/compound 
groups 
Maximum estrogenic 
or AhR-inducing ac-
tivity 
Confirmed  Confirmed/suspected toxicants 
[1]/ 
[2] 
PAHs, triclosan, 2-methylanthraquinone, 7H-
benz[de]anthracene-7-one, cyclopen-
ta[def]phenanthrene-4-one,  
pentadecanol, hexadecanol, palmetic acid, ben-
zo[c]acridine, benzophenone, anthrone, p-tert-butyl-
phenol, N-butyl-sulfonamide, diphenylsulfone 
 
 up to 100 % Confirmed: PAHs, hexadecanol,  triclosan, 2-
methylanthraquinone, 7H-benz[de]anthracene-7-one,  cyclopen-
ta[def]phenanthrene-4-one, pentadecanol and palmetic acid. 
[8] Galaxolide, tonalide, triclosan, phthalates, octylphe-
nol, nonylphenol, coprostanol, cholesterol, di-TMS-
bisphenol A 
 
EEQf: 34 pg g-1 SEQ 
 
F15: 21% 
(estrogenicity),  
other fractions 
<1% 
 
Confirmed estrogenic effects: nonylphenol (fraction15), all 
other compounds were minor contributers 
Suspected: bisphenol A (snails), 17α-/17β-estradiol, 17α-
ethinylestradiol, estriol (estrogenicity), concentrations may have 
been below detection limit. 
[9] PCBs, PAHs, tinorganic compounds, dibenzothio-
phene 
Tentatively identified (among others) 
Parent and alkylated PAHs up to six rings, ben-
zo[b]naphthothiophenes, (alkyl-)benzo[c]acridine, 
benzo[a]carbazole, benzo[a]acridine, (dimethyl-)9H-
fluorene-9-one, (methyl-)anthraquinone, phenan-
threnol, cyclopenta[def]phenanthrenone, 7H-
benz[de]anthracene-7-one, (methyl-)benzoquinolines, 
azapyrene, 1H-phenalene-1-one 
Oslo harbour 
TEQp: 473 pg g-1 SEQ 
Grenland 
TEQp: 1936 pg g-1 SEQ 
 
 Suspected: PAHs, N-/O-PACs 
[11] Dibenzothiophene, parent and alkylated PAHs, carba-
zole, benzo[b]naphthothiophene  
TEQf: 34600 pg g-1 
 
0.05-50% Confirmed: Major (fractions 10) or minor parts explainable by 
PAHs (fractions 7 to 9). 
Suspected: alkylated and heterocyclic PAHs 
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Table 4.2 continued. 
Citation Identified/quantified compounds/compound 
groups 
Maximum estrogenic or 
AhR-inducing activity 
Confirmed Confirmed/suspected toxicants 
[12]/ 
[13] 
Methylated  and parent PAHs, keto-, hydroxy-, 
nitro-, dinitro-PAHs, N-PACs, pesticides incl. 
DDT and metabolites, HCHs, steroids, 
triterpenoids, musk compounds, triclosan, 
bisphenol A, various tentatively identified 
compounds 
 
TEQp: 9000-17000 pg g-1 SEQ 
TEQf: 2000-4500 pg g-1 SEQ 
EEQf: 27-81 pg g-1 SEQ 
Mutagenicity: 
up to 280% 
AhR: F10, 11 
52%-110%, F9 
up to 153%, 
other ≤ 2.3% 
Estrogenicity: 
F15, 16: 76%-
944%, F14, 
17: 1.5-28% 
 
Confirmed mutagens: dinitropyrenes, PAHs, cyclopentafused-
PAHs, 3-nitrobenzanthrone. 
Suspected mutagens: 7-nitrobenzo[a]anthracene, isomers of 
hydroxybenzo[a]pyrene, benzofluorenone, nitrobenzo[a]pyrene, 
nitrobenzanthrone and azabenzo[a]pyrene, alkylated and cyclo-
pentafused PAHs, methyl-parathion, aminoanthraquinone, 
dibenzoacridines 
Confirmed AhR-agonists: parent and methylated PAHs, 7H-
benz[de]anthracene-7-one 
Suspected AhR-agonists: PCDD/Fs, co-planar PCBs, PCNs, 
PAHs, alkylated PAHs, dibenzothiophenes, naphthothiophenes 
Confirmed ER-agonists: estrone, 17β-estradiol, 17α-
ethinylestradiol, 7H-benz[de]anthracene-7-one, nonylphenols 
Suspected TTR-agonists: 4-nonylphenol, aromatic ketons, hy-
droxylated PAHs 
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4.3.2 Toxicity patterns 
Toxicity patterns are determined for AhR-mediated and mutagenic activities, for endocrine 
disruption and for growth inhibition of green algae in order to identify priority fractions 
(Figure 4.1). 
AhR induction. AhR-mediated effects were generally found in all fractions except fractions 
1 and 2. Most of the AhR induction was found in fractions 8 to 10 and 13 to 15. Addition-
ally, Bitterfeld fraction 5 and Grenland (Norway) fractions 4 and 5 elicited significant 
AhR-mediated activities. Both sites are known to be contaminated by pollutants originating 
from magnesium production such as PCDDs and PCDFs [9, 12]. Furthermore, elevated 
concentrations of some PCNs and PCBs have been determined for the Bitterfeld region. 
However, the Grenland sample showed highest responses in the polar fractions 14 to 18. A 
creosote contamination originating from a former wood treatment facility may have caused 
the release of N-PACs which coelute with the most polar fractions. The waste water chan-
nel in the Danube River basin is heavily impacted by different contamination sources as 
described in Chapter 3.3.2. Due to the contamination with PAHs and related compounds, 
highest inductions were determined for fractions 7 to 11. Activities determined for frac-
tions 13 to 15 were about a factor of five lower, but still in the range of those observed for 
sediment fractions from the River Elbe basin and for the soil and SPM from the River 
Rhine again stressing the high contamination of this area. High levels of parent and meth-
ylated PAHs especially with less than five aromatic rings as well as the related S-
heterocycles have been reported for this region and are thought to originate from contami-
nations with oil. Also the Přelouč region was reported to be impacted by petrogenic con-
taminants. Thus, highest inductions were observed for fractions 7 to 10, which were about 
a factor of 4 more active than fractions 13 to 15. For the Oslo fjord region elevated re-
sponses were detected for fractions 8 to 11 and 13 corresponding to a contamination with 
PAHs and related compounds. In contrast to other studies, fraction 13 showed an outstand-
ing response that was about a factor of 5 higher than the response of the PAH fractions. 
The reason for this high response remained unexplained. Effects of other fractions may 
have been masked by organotin compounds present at this site due to their ability to inhibit 
cytochrome P450 monooxygenase [43]. For SPM from the River Rhine AhR-mediated 
activities of nonpolar PAH fractions 8 to 10 were equal to those of the medium polar frac-
tions 13 to 15.  
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Endocrine disruption. Highest estrogenic activities were observed for fractions 14 to 17 in 
all studies but also fraction 13 and some of the nonpolar fractions such as fractions 4, 7 and 
10 showed some estrogenic responses. Furthermore, anti-androgenic effects as well as ef-
fects on the reproduction of snails were observed for fractions 13 to 17 while some testos-
terone-like activities were determined for fractions 7, 9 and 18. 
Mutagenicity. In general, highest mutagenic activities were observed for fractions 10, 11, 
14 and 15. Additionally, fractions 8, 9, 13 and 16 showed some mutagenic potencies. For 
several samples, the highest effects were determined for the medium polar fractions such 
as the Přelouč and Bitterfeld sediment samples, SPM and the soil sample from the River 
Rhine and for samples from the Danube River basin (-S9). The Most region is mainly in-
fluenced by PAHs of pyrogenic origin. Thus, higher concentrations of high molecular 
weight PAHs such as benzo[a]pyrene (1.1 μg g-1 SEQ) which are partly known to be 
strong mutagens and thus  higher induction in the nonpolar fraction F10 were found than in 
the Přelouč and Bitterfeld samples. For the soil sample, the most polar fractions 16, 17 and 
18 were among the most mutagenic fractions of the sample.  
Other endpoints. Algal toxicity was highest in fractions 8 to 11 and 13 to 15. Inhibition of 
gap junctional intercellular communication was most pronounced for fractions 15 to 17. 
However, these tests were only performed for three sites. 
Regardless of different contamination patterns and degrees, generally similar contamina-
tion patterns were observed for each biological endpoint: The nonpolar fractions 8 to 11 
coeluting with PAHs and related compounds were relevant fractions for AhR-mediated and 
mutagenic effects and algal toxicity. Fraction 9 showed some outstanding potencies for 
AhR induction. The more polar fractions 13 to 17 were not only fractions with high endo-
crine disrupting potency but were also main contributors to AhR-mediated and mutagenic 
effects, algal toxicity and the inhibition of gap junctional intercellular communication. 
Fractions 3 to 5 containing well known toxicants such as PCBs, PCNs and PCDD/Fs 
played a major role only at sites with known pollution resulting from point sources in the 
area. 
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Figure 4.1: Toxicity patterns obtained from studies using the developed fractionation pro-
cedure. For sample names see Table 4.1. Sed: sediment, SPM: suspended particulate mat-
ter, Tox: toxicity, A: androgenicity, E: estrogenicity, End. Disr: endocrine disruption, Mut: 
mutagenicity, T: testosterone production, GJIC: inhibition of GJIC, MTT: MTT cell prolif-
eration assay, TTR: TTR-binding potency. 
Sample Matrix Endpoint 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
B  Sed AhR                           
Grenland Sed AhR                              
M  Sed AhR                            
Oslo  Sed AhR                                  
P  Sed AhR                               
SPM2a SPM AhR                                  
SPM4 SPM AhR                                 
SPM5 SPM AhR                                
SPM6 SPM AhR                                 
Swale Soil AhR                                  
WWC1 Sed AhR                          
WWC2 Sed AhR                          
WWC3 Sed AhR                          
B_ASEa Sed Algal Tox                        
B_ASEb Sed Algal Tox                         
M_ASEa Sed Algal Tox                       
M_ASEb Sed Algal Tox                          
P_ASEa Sed Algal Tox                         
P_ASEb Sed Algal Tox                            
G. Schijn Sed Anti-A                        
B  Sed E                      
M  Sed E                      
Opf2006 Sed E                       
P  Sed E                      
Sig2006 Sed E                        
Soil Soil E                           
SPM 1 SPM E                       
SPM 2b SPM E                         
G. Schijn Sed E                        
G. Schijn Sed End. Disr.                       
B  Sed GJIC                     
M  Sed GJIC                      
P  Sed GJIC                      
WWC2 Sed MTT                                 
B  Sed Mut                           
Lau2004 Sed Mut                          
Lau2006 Sed Mut                          
M  Sed Mut                            
Opf2006 Sed Mut                       
P  Sed Mut                            
Sig2006 Sed Mut                          
SPM6 SPM Mut                       
Swale Soil Mut                                    
Opf2006 Sed T                      
Sig2006 Sed T                      
M  Sed TTR                        
P  Sed TTR                        
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4.3.3 Quantitative toxicant confirmation and suspected pollutants 
Following the concept of concentration and response addition, quantitative toxicant con-
firmation was performed in some of the presented studies for AhR-mediated, estrogenic 
and mutagenic effects, and for growth inhibition of green algae. 
AhR-mediated and estrogenic potencies caused by target compounds was calculated for 
sediment, soil and SPM samples in several of the presented studies [4-6, 8, 11] by compar-
ing the sum of chem-TEQs and chem-EEQs with bio-TEQs and bio-EEQs. Because these 
values are not available for Přelouč, Most and Bitterfeld sediments yet, chem-TEQs and 
chem-EEQs were calculated using literature data (Table 4.3, Table 4.4) and compared to 
bio-TEQs and bio-EEQs as presented in Table 4.5. In the following chapter confirmed tox-
icants as well as suspected pollutants are discussed for AhR-mediated, estrogenic and mu-
tagenic effects. 
AhR induction. For fractions 10 and 11 of Přelouč, Most and Bitterfeld sediments between 
52% and 110% of the TEQs are related to target compounds with known IEF values such 
as benzo[j]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene and indeno[1,2,3-
cd]pyrene (Table 4.5). Only up to 2.3% of TEQs is explainable by target compounds for 
fractions 7, 8 and 13 to 15 with no major contributor, indicating that non-targets play a 
major role in these fractions. For fractions 9, concentrations of methylated anthracenes and 
chrysenes were available only as sum for all quantified isomers. Thus, minimum TEQs 
were calculated with the lowest available TEF for the weakest inducing isomer and maxi-
mum TEQs with the highest TEF for the strongest inducer. Using these different TEF val-
ues, which differed by two orders of magnitude (Table 4.3) 3.0% to 153% of the TEQs can 
be explained by target compounds. For fractions resulting from the WWC extracts (Dan-
ube River basin, Serbia) up to 50% TEQs were explained by target compounds such as 
chrysene, benzofluoranthenes, benzo[a]pyrene and dibenz[ah]anthracene. However, for 
most of the fractions, the major part of the TEQs was related to unknowns or substances 
with unknown TEFs. In other studies [5, 6] 99% of the observed effects remained unex-
plained.  
While in some of the studies a major part of observed AhR induction of fractions 10 and 
partly also fractions 11 was related to priority PAHs, this was not possible for fractions 8 
and 9. Fractions 9 showed some outstanding AhR-mediated activities for samples from the 
Elbe and Danube River basin. At these sites, concentrations of up to 1.4 μg g-1 SEQ and  
28 μg g-1 SEQ were determined for methylated benz[a]anthracenes/chrysenes and alkylat-
ed PAHs with four aromatic rings, respectively. Methylated PAHs such as 
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methylbenz[a]anthracenes and methylchrysenes can be up to a factor of 243 more induc-
tive than their parent compounds depending on the type of isomer [44]. Additionally, they 
were detected in similar concentrations as the parent compounds. Thus, alkylated PAHs 
can be main contributors to the overall AhR-mediated activity. Other compound groups 
that are suspected to be major inducers in fractions coeluting with PAHs include alkylated 
fluorenes, dibenzothiophenes [45], naphthothiophenes, benzonaphthothiophenes [10] and 
dinaphthofurans [46]. AhR-mediated activities were also determined for N-PACs such as 
benzo- and dibenzoacridines [28] and several keto-PAHs such as 5,12-naphthacenequinone 
[47] and may contribute to AhR-mediated effects in the more polar fractions. However, in 
contrast to the nonpolar fractions, no major inducers were identified for the more polar 
fractions. 
 
Table 4.3: TCDD equivalence factors (TEFs, DR-CALUX) and chemically derived 
TCDD-equivalents (chem-TEQs) of Přelouč (P), Most (M) and Bitterfeld (B) sediment 
fractions. F: fraction, SEQ: sediment equivalent. 
F Compound TEF 
 
TEQ 
[pg TCDD Eqv. g-1 SEQ] 
P M B 
7 Anthracene -a    
 Methylanthracenes1 8.0E-08d 0.3 0.02 0.01 
 Methylanthracenes2 2.8E-07d 0.5 0.07 0.02 
 Methylphenanthrenes1 1.1E-07d 0.8 0.1 0.06 
 Methylphenanthrenes2 3.8E-07d 2.6 0.4 0.2 
8 Fluoranthene 9.3E-07a 0.9 1.4 0.7 
 1-Methylpyrene 2.8E-06a 0.2 0.4 0.4 
 Pyrene 3.4E-06a 3.1 6.1 3.0 
 Benzo[c]phenanthrene 1.1E-06a 0.10 0.2 0.06 
9 Benz[a]anthracene 9.6E-06a 6.1 13 3.3 
 Methylbenz[a]anthracenes1 4.8E-05c 13 19 3.9 
 Methylbenz[a]anthracenes2 4.6E-03c 1196 1840 377 
 Chrysene 1.1E-04a 96 165 47 
 Methylchrysenes1 1.2E-05e 8.3 12 3.2 
 Methylchrysenes2 4.9E-04e 338 490 132 
10 Benzo[b]fluoranthene 4.8E-05a 33 58 25 
 Benzo[j]fluoranthene 7.4E-04a 259 407 170 
 Benzo[k]fluoranthene 2.9E-03a 870 1682 754 
 Benzo[e]pyrene 6.3E-07a 0.3 0.6 0.2 
 Benzo[a]pyrene 2.0E-04a 90 220 68 
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Table 4.3 continued. 
F Compound TEF 
 
TEQ 
[pg TCDD Eqv. g-1 SEQ] 
   P M B 
 1-Methylbenzo[a]pyrene 3.6E-04f 12 6.8 0.0 
 6-Methylbenzo[a]pyrene 9.7E-06f 0.2 0.15 0.08 
 10-Methylbenzo[a]pyrene 7.0E-05f 0.8 1.1 2.0 
11 Indeno[1.2.3-cd]pyrene 5.0E-04a 230 420 160 
 Benzo[ghi]perylene -a    
 Dibenzo[a.c]anthracene 4.2E-04a 0.1 3.5 0.6 
 Dibenzo[a,j]anthracene 5,2E-04a 0.7 21 3.0 
 Dibenzo[a,h]anthracene 1,5E-03a 0.0 20 2.7 
13 Picene 5,5E-05a 6.1 6.1 4.0 
 Dibenzo[a,i]pyrene 4.4E-04a 14 15 9.2 
 Naphtho[2,3-a]pyrene 3.8E-04a 7.2 9.9 4.9 
 Dibenzo[a,h]pyrene 3.7E-04a 5.6 6.3 4.1 
14 9-Fluorenone -b    
 Anthrone -b    
 Anthraquinone -b    
 Benz[a]anthracene-7.12-dione 6.7E-07b 0.08 0.05 0.2 
15 7H-benz[de]anthracene-7-one 5.8E-07b 1.2     
a25% effect level [26], b25% effect level [28], c50% effect level [44], d25% effect level [48], e25% effect 
level [49], f50% effect level [50]. 1Minimum and 2maximum TEQs were calculated if different TEFs were 
available for unspecified methyl-PAH isomers. 
 
Estrogenicity. 76% to 944% of the estrogenic activity determined for Přelouč, Most and 
Bitterfeld fractions 15 and 16 was related to target analytes while 72% to 99% of effects 
observed for fractions 14 and the most estrogenic active fraction 17 remained unclear (Ta-
ble 4.4, Table 4.5). The strongly estrogenic but low concentrated compounds 17β-estradiol, 
17α-ethinylestradiol and estrone as well as the weakly estrogenic but higher concentrated 
nonylphenols and 7H-benz[de]anthracene-7-one contributed to the overall estrogenic activ-
ity. Masking compounds contained in fractions, differences in the test systems between 
laboratories or different effect levels used for calculations of bio-EEQs and equivalency 
factors may be the reason for an underestimation of bio-EEQs or overestimation of chem-
EEQs resulting in values exceeding 100% by far. In the study by Schmitt et al. [8] 21% of 
estrogenic effects determined in fraction 15 was related to nonylphenol while more than 
99% of effects in other fractions remained unexplained. Wölz et al. [4] related 1% of the 
outstanding estrogenic effect detected in fraction 15 of the SPM extract to target com-
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pounds. Other weakly estrogenic active compounds may include PAHs [34] occurring in 
the nonpolar fractions. 
Although some of the observed effects were related to target compounds, a major part of 
estrogenic activities remained unexplained. According to Schmitt et al. [8] and Wölz et al. 
[4] none of the potent estrogens such as 17α- and 17β-estradiol, ethinylestradiol and es-
trone originating mainly from sewage treatment plants were detected. As determined for 
the sediments from the River Elbe basin, compound concentrations in the pg g-1 scale are 
sufficient for these compounds to be major contributors to overall estrogenic activity. 
Thus, as already mentioned by the authors, detection limits may not have been sufficient 
enough for these highly potent compounds. Consideration of these compounds may result 
in significantly higher portions of explainable effects. 
 
Table 4.4: Estradiol equivalence factors (EEF, ER-CALUX) and calculated estrogenic 
equivalents (EEQs) of Přelouč (P), Most (M) and Bitterfeld (B) sediment fractions. F: frac-
tion, SEQ: sediment equivalent. 
F Compound EEF EEQ 
 [pg E Eqv. g-1 SEQ] 
P M B 
14 Anthraquinone 7.7E-07b 0.9 0.1 0.2 
 Triclosan <5.0E-8a    
 Benz[a]anthracene-
7,12-dione 
1,4E-06b 0.2 0.1 0.4 
15 Nonylphenols 3,7E-05a 2.3 3.2 20 
 17β-estradiol 1 10 10 10 
 7H-benz[de]anthracene-
7-one 
3,0E-06b 6.3   
16 Estrone 0,12a 48 168 48 
 Cholesterol <5.0E-8a    
17 Estriol 0,10a 0,4   
 17α-ethinylestradiol 1,12a 6,7  2.2 
  Bisphenol A 1,1E-05a 0,6 1.2 0.3 
a50% effect level [51], b25% effect level [28] 
 
Mutagenicity. Confirmed mutagenic toxicants include dinitropyrenes, 3-nitrobenzanthrone, 
PAHs and cyclo-pentafused PAHs. Additionally, methylated PAHs may contribute to mu-
tagenic effects. Some of the fractions 9, 10 and 11 were mutagenic without activation 
(Chapters 3.1, 3.2), [5, 7]. Because PAHs are mutagenic only after metabolic activation 
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other mutagenic substances are contained in these fractions such as cyclo-pentafused PAHs 
that are mutagenic without activation. Potent mutagens such as nitro- and dinitro-PAHs 
and 3-nitrobenzanthrone usually occur in low concentrations and are not directly detectable 
by GC-MS. Thus, they are suspected to be possible mutagens in fractions 13, 14 and 15 in 
studies where samples were analysed using analytical methods that are not suitable for 
these compounds. Further suspected mutagenic compounds are isomers of hydroxyben-
zo[a]pyrene, benzofluorenone, dibenzoacridines, nitrobenzo[a]pyrene, nitro- 
benzanthrone, azabenzo[a]pyrene, aminoanthraquinones and other amino- and nitro-PACs. 
Other biological endpoints. Up to 100% of growth inhibition of green algae Scenedesmus 
vacuolatus in active fractions were explained by several substances such as PAHs, hexa-
decanol, triclosan, 2-methylanthraquinone, N-phenyl-2-naphthylamine and 7H-
benz[de]anthracene-7-one [2, 3]. 
 
Table 4.5: Ratio of chemically derived TCDD and estradiol equivalents (chem-
TEQs/EEQs) and biologically derived (bio-)TEQs/EEQs calculated for Přelouč (P), Most 
(M) and Bitterfeld (B) sediment fractions. For sample abbreviations see Table 4.3. F: frac-
tion. 
  Chem-TEQs/bio-TEQs Chem-EEQs/bio-EEQs 
     [%]     [%]   
F P M B P  M B 
71 0.1 0.0 0.0 nd nd nd 
72 0.2 0.1 0.2 nd nd nd 
8 0.2 0.9 1.0 nd nd nd 
91 3.0 13 1.7 nd nd nd 
92 41 153 16 nd nd nd 
10 60 110 79 nd nd nd 
11 52 55 60 nd nd nd 
13 2.0 2.3 1.7 nd nd nd 
14 0.0 0.0 0.0 nd nd 4.3 
15 0.1 0.0 0.0 211 76 111 
16 nd nd nd 400 944 nd 
17 nd nd nd 28 1.5 5.3 
1Minimum and 2maximum ratios were calculated if different TEQ values were available. 
4.4 Conclusions and Outlook 
The automated fractionation procedure described in this work allows the fractionation of 
extracts of solid samples such as sediment, soil and suspended particulate matter. Using 
EDA, toxicology patterns can be generated and compared between different sampling sites 
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and first conclusions can be drawn on the structure of a detected compound or compound 
group by evaluation of e.g. polarity, hydrophobicity and size of the aromatic system. The 
determination of retention indices and log Kow values of suspected compounds obtained 
within the EDA procedure enables computer assisted structure elucidations. Nevertheless, 
an extensive laboratory equipment and expert knowledge from various fields is necessary 
for the identification of known and unknown contributors to observed biological effects. 
Extension of the knowledge about the distribution of compounds and compound groups of 
interest between fractions may enable a more directed selection of analytical methods and 
target compounds and can facilitate the identification of unknowns. For a more routine 
application of the fractionation procedure, a catalogue of potent toxicants could be devel-
oped for each biological endpoint and the distribution of these compounds between frac-
tions could be determined. After biological analysis of a new sample and subsequent chem-
ical analysis of active fractions by established methods the contributions of these known 
compounds could be evaluated rather easily. Future work could than concentrate more on 
the challenging task of identification of unknowns and the extension of the catalogue of 
potent toxicants. Furthermore, the fractionation procedure could be applied to other sample 
matrices provided that the sample is soluble in the solvents used. 
A major part of the observed effects was not explained by priority pollutants according to 
e.g. the Water Framework Directive. Polar fractions played a major role in assessment of 
sample activities and a number of different non priority compounds have been identified to 
be main contributors to the observed effects, while fractions containing conventionally 
analysed compounds such as PCB and PCDD/Fs were effective only where extensive pol-
lutions with these compounds were present. However, a large number of unidentified or 
unconfirmed compounds and compounds with unknown toxicological potential remained 
in most EDA studies. Thus, future work in EDA of sediments could focus on non priority 
compounds, polar fractions and compound identification and confirmation resulting in 
suggestions for new priority pollutants. Complementary chemical, biological and computer 
assisted modelling techniques for compound identification and structure elucidation could 
support compound identification. Additionally, the inclusion of bioavailability and mixture 
toxicity could give a more realistic view in risk assessment. 
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